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Chapter 1
Introduction
Progress towards understanding andusing semiconductors of the III-Vcompound
family has come fitfully in thepast three decades, encouraging jests suchas that
"gallium arsenide is the material ofthe future, and will always remainso".Yet
despite some unfulfilled deviceexpectations in the earlyyears, gallium arsenide has
remained of interest to both scientistsand technologists.
Sustained interest in GaAswas first rewarded by the GaAs injection laser,
and then by various kinds ofmicrowave devices. Froma technical point of view, the
crystal growth, epitaxy, and deviceprocessing have now all progressed toa point at
which greatly enlarged horizonshave appeared for GaAs utilizationin integrated
circuits and in optoelectronics.
However, in contrast to themonatomic and lowvapor pressure material
such as silicon, the synthesisof GaAs is greatly complicatedby a volatile and toxic
component: arsenic. Nevertheless, byusing special handling procedures andgrowth
techniques, high quality crystalscan be grown and processed into high performance
devices and integrated circuits.
1.1Gallium Arsenide
Gallium arsenide isa group III-V semiconductor characterized bya relatively high
electron mobility and largeenergy gap. These properties make itan ideal candidate
for high frequency, hightemperature, and radiation- resistant deviceapplications.2
Table 1. Properties of GaAs at 300 K
Atoms/ cm3 4.42 * 1022 Mobility(Electrons)8500 cm2/v-sec
Atomic Weight 144.63 Mobility (Holes) 400 cm2 /v -sec
Density 5.32 g/cm3 Breakdown Field rs-, 4 *105 v/cm
Lattice Constant 5.6533 A Intrinsic Carrier 1.79 * 106/cm3
Melting Point 1238°C Intrinsic Resistivity 108 ohm-cm
Thermal Conductivity0.46 W/cm°CBand Gap (Direct)1.424 eV
Specific Heat 0.35 J/g°C Dielectric Constant13.1
Table 1 gives some general propertiesof GaAs.
1.1.1Crystal Structure
Gallium arsenide hasa cubic (zinc blende) structure in which the coordination of
each atom is fourfoldor tetrahedral. Each ion, gallium or arsenic, is symmetrically
surrounded by four ions of the otherelement, each located at thecorners of a regular
tetrahedron. The GaAs crystal latticeconsists of a repeating face-centered-cubic
(fcc) sublattice ofone type of atom at (000), and the other at (A/4,A/4,A/4)ofthe
fcc unit cube.
The cube illustrated in Fig 1 containsfour GaAs molecules ina volume A3. A
x-ray diffraction measurement shows that undoped melt-grownand epitaxial GaAs
at room temperature has the unit cell size:
A(300) = 5.65325 ± 0.00002A
The nearest-neighbor bond length is-(ro= V-3A(300)/4), and such bonds (Ga
to four As neighbors, and vice versa)are mutually separated by the tetrahedral
bond angle
= cos'(-1/3) = 109.47°3
OAs Atom
Ga Atom
Figure 1. Face-centered-cubic latticeof gallium atoms and arsenic atoms4
1.1.2Phase Equilibria
The general feature of the "normalpressure" Ga-As binary phase isone of the
simplest types of two-component phasediagrams.It was delineated some three
decades ago, by K5ster and Thoma andsome other people. The phase diagram
shown in Fig 2 incorporates data pointsfrom Arthur, Vie land and others. The
normal melting point temperature T, forstoichiometric GaAs is
T = 1513 ± 1K
as found by Lichter and Sommelet.[9]
Since arsenic is muchmore volatile than either gallium or GaAs, the three-
phase equilibrium among solid GaAs,a Ga-As melt, and its vapor mixture, is of
importance. The pressure-temperaturerelationships in Fig 3were derived from
previous work by J. R. Arthur, D. Richman.[10]Since the vapor pressure of arsenic in
equilibrium with GaAs at its melting point isapproximately one atmosphere, special
handling and experimental apparatusare required to prevent arsenic depletion from
the crystal.
Fig 3 shows the equilibriumpressure versus reciprocal temperature for Ga,
As2 and Aso vaporover GaAs itself.
1.1.3Semi-insulating GaAs
Semi-insulating GaAs (10'- 108 /S2cm resistivity) can be used in the fabrication of
electrically isolated devices and circuits bydirect ion-implantation techniques. The
semi- insulating GaAs, suitable for ICapplications, has been shown to be greatly
dependent upon midgap defect levels for itshigh resistivity.1600
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Figure 3. Equilibriumpressure vs reciprocal temperature for Ga, As2 and Asovapor over GaAs
itself.6
1.1.4Defects and Impurities In GaAs
Several types of structural imperfectionscan occur in the GaAs crystal lattice,
including
1)gallium and arsenic vacancies (VGa andVA.);
2)gallium and arsenic interstitial (Gai and Ass);
3)antisite substitutions -arsenicon gallium site (AsGa);
-gallium on arsenic site (GaAs);
4) impurity substitutionson either site.
These defects can affect the physical andelectronic properties of GaAs, in-
cluding diffusion, dislocation density,luminescence, carrier transport, recombina-
tion, and conductivity.
Another defect of considerable scientificand technological interest in GaAs
is the antisite defect. Recent studiesshow that the As antisite defect (AsGa) is
related to a deep donor, referredto as EL2, which is responsible in part for the
high resistivities observed in undopedsemi-insulating GaAs. Formore discussion
concerning antisite defect formation in GaAssee the article by J. A. Van Vechten.[1]7
Chapter 2
Nuclear Magnetic Resonance
When a magnetic field is turnedon, the energy level of a nucleus splits into several
nuclear Zeeman levels due to the interactionof the nuclear magnetic dipole moment
with the magnetic field. Nuclear MagneticResonance (NMR) is the spectroscopic
method that probes the nuclear Zeemanlevels by inducingresonance absorption at
a radio frequency (RF) between these levels.
The knowledge of the resonant radiofrequency at a given magnetic field fora
certain isotope enablesone to determine the magnetic moment of the isotope, andto
identify the isotope ina given sample. The frequency required forresonance at the
same field is slightly different for various molecularenvironments of a nucleus due
to local magnetic fields in the sample. NMRthus provides a means to determine
local magnetic fields at the site of thenuclei. Since its discovery in 1946 [2] [3],
NMR has become a standard tool forchemical analysis.
The early work of Bloch et al.[3] showedthat nuclear magneticresonance in
bulk materials can be observed intwo ways, slow and rapidpassage . The slow and
rapid passage methodsare usually referred to as continuous wave techniques, since
the rf is applied continuously while thespectrum is observed. The other method of
observation, introduced and put intopractice by Hahn[3] and others makesuse of
short pulses of rf power ata discrete frequency. The observation of the nuclear spin
system is made after the rf is turned off. Sucha technique is called pulsed NMR.
In this work, pulsed NMR spectroscopy,which is particularly important in
condensed matter physics, has been usedto study GaAs III-V semiconductorsam-8
Table 2. NMR constants
IsotopeNMR FrequencyNaturalMagneticSpinQuadrupole
MHz/10kG
Abundance
%
Moment Moment
e10-24crn2
111 42.5759 99.98 2.79271/2
69Ga 10.219 60.2 2.01083/2 0.178
71Ga 12.984 39.8 2.55493/2 0.112
75As 7.292 100.0 1.43493/2 0.3
pies. In pulsed NMR,a high power RF pulse induces transitionsamong the Zeeman
levels, and disturbs the equilibriumpopulations of the various levels. After thepulse,
the system of the nuclei, which iscoupled to a heat reservoir,e.g. a crystal lattice,
returns to thermal equilibrium. The coherentRF pulse causes a correlatedpreces-
sion of the nuclear dipoles, which inturn generates a precessing magnetization that
can be observed experimentally. When thesystem of the nuclear dipoles returns
to equilibrium, the magnetizationreturns to its static equilibrium value, and the
correlation of the dipoles disappears.One observes a decay of the precessingmag-
netization. The time constant characterizingthis relaxation after the pulse contains
valuable informationon the interactions among the nuclear dipoles andbetween the
nuclei and the heat reservoir.
2.1Free Spin ina Magnetic Field
The basic electromagnetic propertiesof a nucleus are the magnetic dipolemoment ii,
and the electric quadruple moment Q.Table 2 presents the characteristic properties
of the nuclei whichare of interest for this work.
The magnetic moment r, is coupledto the angular momentum, i.e.the
nuclear spin i, through the gyromagneticratio -y:
rt = -yr (2.1)9
The coefficient -y, characteristic of eachnuclear species, is called itsgyromag-
netic ratio.
The Hamiltonian fora nucleus in a constant magnetic field go in thez-
direction is given by:
where:
H = Pio= y-Holz (2.2)
Since the Hamiltonian commutes withh, the eigenstates 1m > of /zare :
lilm >. hcomim >
cv = -yHo
m = I,--I +1+I
This gives a set of equidistantenergy levels with spacing:
(2.3)
(2.4)
(2.5)
AE = h,ci) (2.6)
as shown in figure 4.
For a nucleus inan eigenstate lm >, the observable z- component of the
magnetic moment is time independent. Themagnetic moment in thex-y plane can
only be observed in thecase of a mixed state with contributions from Im> and
Im + 1 >. The general solutionof the time dependent SchrOdingerequation is a
mixed state of the form:
+/-
10(t) >= E cme-iotim>
m=_-_/
(2.7)
One observes a precession of themagnetic moment, projectedon the x-y
plane, at the Larmor frequency,ci..,/, = coo, while the projection on the z-axis remains
constant:< h >, E 1Cm12n2h
m
This is exactly whatone would expect of a classical dipole spinning about
its axis in a magnetic field,as shown in figure 4(b)
10
(2.8)(a)
(b)
Figure 4. Spin and energy eigenstates of spin 3/2 in a magnetic field
1112
2.2The Bloch Equations
When a static field Ho is applied along thedirection 0- z, at thermal equilibrium
with the lattice, the longitudinal magnetizationM, has a non-vanishing value Mo,
where the transverse components Mx andMy vanish.Note that, starting from
a state out of equilibrium, the evolution of M., towards Momodifies the energy
of the spin system and correspondsto an exchange with the lattice, whereas the
decrease of the transverse magnetizationcomponents does not produce suchan
exchange of energy. In Bloch's phenomenologicalapproach, the relaxation equations
are therefore:
dtMz =
1
(Mzmo) (2.9)
d 1
dt = (2.10) s'Y T2 'Y
where T1 for the longitudinalcomponent is called the spin-lattice relaxation
time, T2 for the transverse component is calledthe spin-spin relaxation time.
2.3RF-Absorption byan Isolated Spin-1/2
Considering the energy levels with spacingAE of a spin in a magnetic field,one
expects a resonance absorption at the Larmorfrequency
521,=
AE
= (2.11)
Typically at a field of 10 KG, the level spacingis the order of 10-7eV, and
requires a resonant frequency of the order10 MHz. Figure 4 showsa splitting of
magnetic energy levels of protons. An oscillatingmagnetic field is produced bya
RF current in the sample coil, which willproduce a linearly oscillating magnetic
field in the x-direction. One finds however,that to first order, absorption is induced
only by a magnetic field rotating at theLarmor frequency in the direction of the13
spin precession, in the x-y plane. This does notcause any experimental problems,
because that linearly oscillating fieldcan be decomposed into two components,
rotating at the same frequency in opposite directions.Depending on the sign of y
only one component is absorbed; the othercomponent is far from resonance and
will have a negligible effect.
For spin larger than 1/2, one can induce transitions between any two adja-
cent levels. Bloch and Rabi [4] showed that the result fora spin 1/2 can be extended
to the case of any arbitrary spin. A simple 1/2 spinsystem will be discussed here.
When the RF field of frequencyw and amplitude H1 is turned on, the total
magnetic field H(t) can be written
cos wt
H1 sin wt
Ho
The time dependent Hamiltonian is
7-1 = y H(t) f = nwl(I,cos cot4 sin wt)hwoiz
(2.12)
(2.13)
where w1 = wHi
Note here that this Hamiltonianno longer commutes with /z, and the SchrOdinger
equation
1-01)(i) >= ih-&10(i) > (2.14)
has no stationary solution.The general solution will have the form 10(0>=
Ci > +C2(t)I >. With some calculationone can obtain the probability
of a transition from I+ > to I>, i.e. 13_.+
2
(4)1 . (t) =
41-22
sine Sgt (2.15)
The probability that the state is in the I> state oscillates with the Rabi
frequency:\(w _2
1\A wo) 2(4.4.,02
14
(2.16)
as shown in figure 4(b).
At w = w0, thecase of on resonance, the probability /3_+can reach a value
In the on resonancecase the projection of the spin on the z-axis oscillates
at a frequency w1. Aftera time 7180, the spin has flipped, and after twice7180, it is
back to the original state. This is thesame picture for the classical spinning dipole
in a magnetic field, rotating at theLarmor frequency, when observed ina rotating
frame of reference at thesame frequency. This is shown in figure 4(b). The rotation
angle is
0 = wit = yH1t (2.17)
Two important "spin rotation" positionsare used in NMR experiment.
a) 90° pulse: Aftera time t = 7-90 = The entire spin < I > is turned into
the x-y plane, where it is precessingat w0, coherent with the RF field. The magnetic
moment, also precessing in thex-y plane, induces a voltage in a coil perpendicular
to the z-axis which can be detected.
b) 180° pulse: Aftera time t = 27-90= T180, the spin has been flipped from
the 'up' to the 'down' position. Asat t=0, no projection in thex-y plane can be
observed.
2.4Many Nuclei in Contact witha Heat Reservoir
A non vanishing x or y component of< µ >= Ei < µ >i, necessary for absorption,
can be observed only when there isa correlation between the precession of the15
nuclei. An initial correlation of the spindecays with the time constant T2*. Toturn
the net magnetization properly into thex-y plane, one must have
T90 < T2* (2.18)
In contact witha heat reservoir, e.g. the lattice of a crystal, the nuclei reach
thermal equilibrium with the reservoir,when a common temperature is defined.
This means that the probabilities foroccupation of the nuclear Zeeman levels obey
the Boltzmann distribution
P(E2)
= exp(--yHoh(rn2mi)IkT) (2.19) P(El )
So the relative difference inoccupation between the adjacent Zeemanlevels
is
AN Ni+i 1exP(--YHoh/kT)
(2.20) N Ni+i1 + exp(-7Hohl kT)
At room temperature, AN' N istypically of the order 10-6. Onecan see that
the difference in occupation isextremely small due to the small level shift.This
makes NMR a very low sensitivity detectionmethod. Nevertheless this smallexcess
population of the lower Zeeman levelshas important implications. Itcauses a net
equilibrium magnetization along the fieldHo
Mz = n-yhEm m exp(m-yhHo/kT)n-y2h2H0/(/
-I- 1) (2.21) Em exp(m-yhHolkT) 3kT
where n is the volume density of thenuclear spins. This equation is the Curie
Law for nuclear paramagnetism.
After the pulse, the system hasto return to equilibrium. Thismeans the
spins have to giveenergy to the heat reservoir. Since the probability forspontaneous
photon emission is proportionalto the cube of the transitionenergy (the photon
energy hw = -yhH0), the relaxationcan not be caused by spontaneous photon
emission, as in the case of optical transitionsof atoms. The calculated decay time
due to photon emission is of order 1019years. Even including the extra transition16
probability caused by induced emission ofn photons at the resonant frequency, one
still finds the emission probability to bethe order of 10-10 sec'.
Instead, the transitions causing the relaxationare induced by the interaction
between the spin and the heat reservoir,the lattice in the case of solids.The
relaxation back to equilibrium is characterizedby the time constant T1, the spin
lattice relaxation time.
2.5The Intensity of the NMR Signal
A macroscopic sample containsan ensemble of many spins which will be distributed
at random around the precessionalcones.The total magnetization, M, of the
sample is the resultant of the individualmagnetic moments rt. From the Curie Law
(equation 2.21),one finds the equilibrium M has a magnitude
Mz
N(7h)2H0
4kT (2.22)
here using 1=1/2 for simplicity.
In a steady-state NMR experiment thespin system can absorbenergy from
the radio frequency radiation atrate R, depending on three factors,
a)the probability P ofa spin transition being induced.
b)the population difference between thespin states.
c)the energy change appropriateto the transition.
According to equation 2.15we know the probability P a 'y21/12g(v), where
g(v) is the signal shape factor, is addedto account for the fact that spectral "lines"
are not infinitely sharp.
Thus
R = PAEAN oc -y4f102NH12g(v)/T (2.23)
However, NMR spectrometers do not detectR directly, but rather the rates17
of induced magnetization change in thedirection of the receiving coil, dllivIdt. This
turns out to be R/H1, so the observed signal heightS, is given by:
S a -y4Ho2NHig(v)/T (2.24)
It should be noted that the derivationof equation 2.24 has assumed that
the experiment has not appreciablychanged AN, whichmeans it is not in the
saturation region.
2.6Relaxation Mechanisms
As we commented in the last section, thetransitions causing the relaxationare
induced by the interaction between thespin and the heat reservoir, the lattice
in the case of solids. The relaxationback to equilibrium is characterized by the
time constant T1, the spin lattice relaxationtime. A number of different physical
interactions have been found to be importantin coupling the nuclei to the lattice
related to this work. Theseprocesses are:
1) Magnetic dipole-dipole interaction.
2) Scalar-coupling interaction.
3) Electric quadrupole interaction.
The spin lattice relaxation time dependsnot only on the strength of the
coupling between the spin system and thelattice but also on the value of spectral
density function J(w). To understand therelationship between T1 and different
mechanisms we need to know the frequencyrelation to T1.
2.6.1Frequency Distribution of Defect Motion
In order to discuss ina more quantitative way how the relaxation times T1are
related to the defect motion,we need to use the correlations time -r-c, the 'average'
time between defect fluctuations.If the value of 7, is such thatwe have larger
Fourier components of the molecular motionat the resonance frequency,wo, then18
we expect relaxation to be most efficient, and consequently, therelaxation time
T1 will be minimized. If, however,7, is too long or too short, we expect a much
smaller Fourier component atcoo and much larger values for T1. Figure 5 shows
a sample of glycerine's T1 plotted against the correlation time7, at two different
resonance frequencies. To the left of the T1 minima, the hightemperature region, T1
is frequency independent. In the longcorrelation region of figure 5, to the right of
the T1 minimum, T1 is frequency dependentand its value increases with decreasing
temperature.
We use the spectral density function J(w)to describe the intensitiesor the
probabilities of the defect motionsat the resonance frequencyw:
J(w) =
J
+0
K Mei" dr (2.25)
K(7) is the correlation function; it actuallyis a function similar to the free
induction decay signal observed ina pulsed NMR experiment.
To describe the motion and the positionof a rigid body, spherical harmonics
Yo, I/1, Y2 are often used. Since therelaxation time T1 is related to theaverage
behavior of the collection of nuclei in theaverage way in which the nuclei move
about, the correlation function K1(7)is given by
with
K1(7) = Yi(t)Yi*(t7) (2.26)
A reasonable assumption is that eachof the Ki(7) has the functions form
K1(T) = Ki(0)e(-171/7-4 (2.27)
Ki (0) = 11(02= Yi2 .1.27r 1.71-Y2sin Od0d0 (2.28)
o o
From this correlation function,we can determine the motional frequencies
and their intensities
f+00L. Ki(7)e(i")d7I.+. = eHrlirc)ei"dr L
by integrating Eq. 2.29,we obtain
Jo(w)
Ji(w)
J2(w)
24 T
15r611 + w21-1J
T
15r6 L1 + w21 -j
16 T
15r6L1 -1-().)2ili
19
(2.29)
(2.30)
Figure 6 shows how the function Jo(w) varieswith frequency for short, in-
termediate and long values of7,
I 10-z C( 1.0
77 /T arc -0.
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10
Ti (sec)
Figure 5. Relaxation timeas a function of correlation time20
coo
Figure 6. The spectral density function J (w)versus the frequency
2.6.2Relaxation Caused by Dipole-DipoleInteraction
The Hamiltonian for the magneticdipole-dipole interaction between the nuclear
spins It and Ik separated by 6, is
hH1 =FoA(q) (2.31)
where the F(q) are random functions ofthe relative positions of two spins and the
A(q)are operators acting on the spin variables with the convention FM= F(-Q)' ;
A(a)=A(-q)+
For the interaction between unlike spins,the main Hamiltonian is
hHo = h(coLizw.S.)
and the quantities A(p9) have the relation:
For AM
withwIcos (2.32)
eilht =a/ Sz+/+S ei(wi-ws)t + 6 / Se-i(wi's)t (2.33)whence
and
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whence
and
For A..2)
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(2.35)
eixotA(1)e -ixot= aI+SzeiwitaIzS+eiwst (2.36)
= aLf.Sz, 41)= aI,S+ (2.37)
(1) (1)
= Wit WS (2.38)
iHot A(2) -in-02=
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(2.40)
If the defect moves about rapidly thetensor A becomes time dependent
and we have a relaxation mechanism. Themanner and the rate at which the Ai.;
fluctuate in time are usually expressed by latticeparameters, 17/(0, the spherical
harmonics given in equation 2.31.
For the simple two spin system I and S,we know that T1 for nucleus I will
depend upon
(1) -)1,-)1s, I, S, and T-3
(2) the Ji(wo) and Ji(2wo)
The dependence of T1 by dipole-dipole relaxation is given by Abragam[11]
1 1 3
72 72sh2S(S Los) + -,-13J2(w/+ we)] (2.41)22
In a solid or liquid, the dipole interactionprovides a local magnetic field
for the nuclear spinso that the resonance curve is broadened. But Bloembergen,
Purcell and Pound found experimentally thatthe resonance lines in liquidsare
usually much sharper than those thatoccur in solids.
They used a model basedon the assumption of spherical molecules without
accounting for motional anisotropy and derivedthe formula for T1
1 2 -)1,h Tc 2Tc ) = 4/ + 1) [
22+1 A22 + CJ..),Tc 1 --t- r(a.)-T- T1 DD5 r6
27-c
(1712DD) 1203I
5TH
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here rc = 4irija3 /3kT.
case 1) slow motion, wr, >> 1
1 3c
TPD2w2r,
case 2) fast motion, WTc < 1
case 3) If un-c = 1
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1 2312C1
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2.6.3Relaxation Caused by Scalar Interaction
(2.42)
(2.43)
(2.44)
(2.45)
(2.46)
Any mechanism which gives rise toa fluctuating magnetic field at a nucleus is
a possible candidate for a relaxation mechanism. In thecase of spin-spin scalar
coupling between the spins I and S, the interactionHamiltonian has the form23
Hs = hI A S (2.47)
The Hamiltonian HScan fluctuate in time in one of the two ways: (1) S is
time dependent, or (2) A is time dependent.
If the nuclear spin S hasa relaxation time which is quite short compared
with that provided via the H. interaction, i.e, n is shortcompared with 1/A, then
the local field AS(t)/-yi produced at nucleus Iby a nucleus S fluctuates witha
correlation time Ts = Ti.In this event only the average value of the spin-coupling
interaction is seen and one observes that thespectrum for nuclear spin I will not
be the expected multiple, buta single line. In a similar way to the dipole-dipole
interaction, one may find the relaxation time T1as:
1 Ts
(T1)3=
2A32
S(S1)1
+ (W/427
(2.48) 1
where A is the spin-spin coupling constant expressedin units of radians per second
and Ts is the relaxation time of nucleus S.
Scalar relaxation can alsooccur when A becomes a function of time. This
situation is often referred toas scalar relaxation of the first kind.
2.6.4Relaxation Caused by Quadrupole Interaction
Nuclei with spin I > 1 havean asymmetrical distribution of electric charge. This
non-spherical charge symmetry gives rise toan electric quadrupole moment, which
couples with the static and time-dependent staticelectric field gradient
a2V
v
HQ =
2Ee(
a
)0xp,ixvi
x,ax
(2.49)
1 <
4/(2/
IIQ >= eQ
1)
(821/)opm
2I(I +1) +
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whereeQ =< IIIe;(34 I >
is the nuclear quadrupole moment andn is define as follow:
eq = Vz.
VxxVyy
1/7ZZ
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(2.51)
(2.52)
Two special cases
a) at strong magnetic field:
We make the simplifying assumptionfor Yrs = 14, and if the quadrupole
coupling is weak compared to theZeeman magnetic interaction thentreat it by
perturbation theory
Em
---Yn47-1°rn +4/(2/1)
e2qQ 3 cos2201)
)[3m2/(/ + 1)]
selection rule I Ami= 1 leads to 27 lines symmetry.
(2.53)
b) at weak magnetic fields
If quadruple coupling is larger thenthe Zeeman energy coupling, it isappro-
priate to consider the quadrupole couplingas a first approximation.
E
41(21+1)[3m2
I(I + 1)1 (2.54)
If I is an integer, thereare I different transition frequencies.
If I is a half-integer, thereare 1-1/2 different transition frequencies.
This is the pure quadrupoleresonance or NQR.
As the defect reorients, the components Qi3of the quadrupole coupling tensor
become random functions of time and providea relaxation mechanism for quadrupo-
lar nuclei (I > 1/2).25
For the case of worn << 1 itmay be shown:[11]
1 32/ + 3 2e2Qq
TI40 P(211)'1 +3)(h)27c (2.55)
wherethe asymmetry parameter, is given in equation 2.52 and (e2Qq1h)
is the quadrupole coupling constant.
2.6.5Quadrupole Relaxation for Zinc-blende Structure
It is well known from early work [19] that the quadrupolarrelaxation rate for the
zinc-blende structure, is isotropic and dependson the nuclear coordinates as given
in equation 2.55
2
WQ
/2(2 /
3
1)(eQq)2s(t)= f (I)Q2s(t) (2.56)
The function s(t) depends onlyupon the environment of such structure and
the Debye temperature. Therefor the ratio of thequadrupolar rates of two isotopes
of the same element is temperature independent,
f (I B)Q2B
(2.57)
RQ w.61` f (IA)192A
The quadrupole moment ratio for the to Ga isotopes is known withprecision
and given in table 2:
14 RQ1 2.518
2.6.6Survey of the Relaxation Mechanisms
(2.58)
The observed spin-lattice relaxation rate R1= 1/T1 is in general the sum of the
rates of many individual relaxation mechanisms:
Ribs DR? R
where:
/VD is the rate for dipolar-dipolarinteraction.
(2.59)26
R? is the rate fornuclear quadruple interaction.
Rr is the rate for scalarspin-spin interaction.
Cross-correlation between relaxationprocesses can usually be ignored.If
each of the mechanisms describescontributions to the observed relaxation time, the
task of differentiating and determiningeach contribution is exceedingly difficult.
Fortunately in mostcases several of the relaxation pathwaysmay be insignificant
or completely absent.
For example, for 13C and other nucleithat have a positive gyromagnetic
ratio, the intramolecular dipolar relaxationto the over-all observed relaxation rate
can easily be determined by the nuclear overhauser effectmeasurement.
The temperature and viscosity dependanceof the spin- rotation interaction
is opposite to that of the dipolarinteraction.If both mechanisms operate ina
molecular system, the dipolar mechanismwill dominate at low temperature and
the spin-rotation will dominateat high temperature.m=-3/2
m 1 /2
m=1 /2
m=3/2
H
(a) (b)
27
Figure Figure 7. a) Effect of a quadrupolecoupling in first order, the shifts of all levels for 1=3/2have
the same magnitude. b) Spectral absorptioncorresponding to the energy level of (a). The central
line is unaffected by the quadrupole couplingin 1st order.28
Chapter 3
Experimental Arrangements
3.1 NMR Spectrometer
A pulsed NMR spectrometer is used in thiswork to investigate the free induction
decay and relaxation. Figure 8 illustratesthe functional block diagram ofa typical
NMR spectrometer. Using this figure,we can trace the main steps in obtaining a
NMR signal. First, the sample is placed ina sample probe (sample coil) and this
assembly is positioned so that the sampleresides in the most homogeneous part of
the magnetic field. The computer theninstructs the pulse programmer to begin the
NMR experiment. The pulseprogrammer sends out precisely timed digital signals.
The radio frequency transmitter superimposesa signal of the correct frequency on
the digital signals from the pulseprogrammer. This radio frequency pulse is then
amplified and sent to the sample probe. (Thesample probe has been previously
tuned to work on that radio frequency.) Thispulse excites transitions between the
nuclear spin levels. The nuclei, having beendisturbed from their equilibriumenergy
states, undergo a free induction decay (FID)as equilibrium is reestablished. This
FID signal is very weak, of the order of nanovolts.The preamplifier amplifies this
weak signal will be amplified bya preamplifier and amplifier. The amplified signal is
then converted to an audio frequency signal by"beating" the free induction signal
with the carrier frequency. This is usually doneby using a quadrature detector.
(Quadrature detection creates two output signals,each out of phase with the other29
by 90°). The audio frequency signalsare sent through a low-pass filter and then
converted to a digital representation by usingan ADC. This digital representation
is stored in a computer for further processing.
Generally speaking the spectrometer consistsof the following units:[5]
The electromagnet.
The RF pulse transmitter.
The sample coil and tuning circuit.
The signal receiver and detection unit.
The data processing unit.
The sample heating unit.
Two different NMR spectrometersare used in this experiment. The main
difference between this two spectrometers is thedata recording and processing unit.
The first one uses a transient recorderto record the FID while the second spectrom-
eter uses boxcar integrator to obtain each FID'sintensity. The following sections
give the descriptions to the firstspectrometer, but most of componentsare the same
for both spectrometers.
3.1.1Magnetic field
A magnetic field isa prerequisite for the NMR experiment because itremoves the
degeneracy of the nuclear spin levels. Themagnetic field can be supplied byone of
the three types of magnets: permanentmagnet, electromagnet, or superconducting
magnet. The two requirements for the magnetic fieldfor an NMR experimentare
stability and homogeneity.
A DC electromagnet is used in this work.It produces a magnetic field ofup
to 19 kG. The pole capsare tapered 15" in diameter and separated by 2.5". The
inhomogeneity of the fieldcauses a nucleus de-phasing, the decay time of which for
a liquid proton sample at about 1cm3 volume is 480 + 40pSat a field of 10.00 kG.
A Walker Magnion magnetic field controller controlsthe field using a rotating30
coil and damps the field fluctuations witha separate coil on the pole shoes. The
field can be set to ±1G andour measurements show that it is constant to at least
+ 0.1G.
Since the magnet is resistive, the current usedto provide the magnetic field
causes considerable heating. Consequently, the pole pieces must be cooledwith a
continuous flow of chilled water.RF Generator
Transmitter
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Figure 8. NMR Spectrometer
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3.1.2R.F. Pulse Transmitter
The transmitter consists ofa frequency source and amplifiers to boost the rf signals
to the desired level.For pulsed NMR, the irradiation must be modulatedinto
pulses. There are two important specifications for thetransmitter: the maximum
rf field intensity H1 and the duty cycle. Theduration of a pulse necessary to tip
the magnetization vector into thexy plane, termed a 90° pulse, is inversely related
to the power of the radio frequency signal. The90° pulse duration T is related to
H1 by:
71-117 = 7r/2 (3.1)
H1 is a measure of thepower delivered to the sample coil.It depends on
three parametersthe transmitter power, the sample coil's qualityfactor Q and
the volume of the sample coil. Thepower delivered to a dummy load is usually
considered to be a measure of the transmitter capability,although what really counts
is the power to a particular load whichmaximizes the current through the load. A
minimum of a few hundred watts is desirable inany pulsed NMR system used for
solids.
A Matec Gating Modulator Model 5100 andMatec R.F. Gated Amplifier
Model 515A are used in this work.It produces a RF pulse of adjustable high
voltage. The maximum output voltage 200Vppcan be achieved at 5052 load within
its rf band (0.5-25 MHz). The pulse length of therectangular pulse can be internally
adjusted from 116 to 50pS in the highpower mode. In this work the transmitter
is also triggered externally by thecomputer controlled pulseprogrammer. Some
important specifications of this transmitterare:
Frequency bandwidth: 230MHz
Peak power: 1.5k W
Duty cycle: 0.5%33
3.2Matching Network
The basic function of the network is to deliver the transmitterpower to the sample
and then pick up the NMR signal from the sample and couple it to the receiver.
Because the NMR signal is in the microvolt range while the transmitter signal is
hundreds of volts or more, this matching network isone of the most critical parts
in an NMR spectrometer. A signal coil matching network is used in this work. It
has the following advantages over the cross coil:
1) easy constructionno need for the mechanical alignment of the two coil;
2) the coil is stable against mechanical vibrations and temperature variations;
3) the transmitter coil has the maximum filling factor.
A description of the mechanical setup of the NMR probe including the fur-
nace design is given in section 3.3. Figure 9 shows the simplified circuit diagram
for the matching network.
Two sets of crossed diodes D1 D2, D3D4 are used to couple and decouple
the transmitter and the receiver. The pair of diodesappears as a short circuit to
the large amplitude transmitter pulse anda open circuit to the subsequent small
free induction decay signal induced in the sample coil L2.
During the transmitter pulse, D1D2 isa short circuit, the power is efficiently
transferred into the sample coil L2 because the circuit is designed to presentan
impedance match at point A. After the decay of the transmitter pulse, diodes D1-
D2 disconnect the transmitter from the point E, the D1D2 revert to an open
circuit. The result is the equivalent circuit of Fig. 1(c) for receiving the FID.
This circuit permits efficient transfer of power from the transmitter to the
sample coil, affords good protection of the receiver from destructive overloads, and
provides a high signal-to-noise ratio for the observation of the FID.(a)
(b)
(c)
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Figure 9. Diagram of simplified circuit. (a) Full circuit; (b)equivalent transmitter circuit during
the rf pulse; and (c) equivalent receiving circuit for thesignal reception phase.35
3.2.1Preamplifier
A specially-designed, high Q L-C series resonant input, preamplifier is used in this
work. Figure 10 shows the circuit diagram designed by W. G. Clark. This high Q
L-C resonant circuit forms a narrow bandpass and will cut out all the noise with
frequency outside the immediate region of interest. The preamplifieruses a dual
gate N-channel MOSFET transistor as the first stage. The second stageuses an
operational amplifier to boost another 10db gain and is followed bya 5052 line driver.
Both stages are protected by a set of crossed diodes. A quench circuit is also built
into this preamplifier to decrease the preamplifier'srecovery time. A single gate
enhancement mode MOSFET transistor will be in the low resistance mode during
the transmitter ON period plus another few microseconds to damp the electronic
ringing. A linear ramp decay waveform is used to switch this transistor because it
does not shock the input circuit and will not introducea new ringdown of its own.
The total gain for the preamplifier is about 20db.
3.2.2Receiver and Detection Unit
A Matec broad-band receiver Mode 625 is usedas the main amplifier. Its gain is set
at 70db. One should adjust the gain to get theproper input level for the detection
unit.POWER UNITS
+12U DC
INPUT
TUNd INPUT
R
/77
50 R12
500k
SIGNFIL INPUT
/77
200pF
.717
Pre-amp sunning
C7 C8 C9
.01
/77
.33
T7L7 T717
22uF
25U
A2
7806
+12U OUT
a _Lc to c+6UOUT
T .01/I 2Sg.
+6U
CIC2
R2
+12U +12U
C3
8
.01
6
200
1 4
Al u4733
G=10/2
T77
10uH
T2
R7
3N171
_LC4J.. C5
T3
2N5179
C6
R4 .01
680
.01 22uF
R5
68 R6
150
R8
100k
/717
INPUT
1)111,02,133,134: 1N3600 or fast high speed suitchinq diode.
2) LI is 6 turns 0.07 mm copper enameled uireon 3 ferrite 2973-230 cores.
DC resitance <1; RF impedance <1310MHz) )1k.
3) L2 is 2.2uH peaking coil.
4) ED are 2873-230 ferrite cores.
Figure 10. Pre-amplifier circuit diagram.
/77
1
RF(50)
OUTPUT37
Two Mini-Circuit Laboratory ZAY-3 mixerare used to form the Phase Sen-
sitive Detection (PSD) unit. At the PSD the continuouscarrier radio frequency and
the NMR signal are mixed (multiplied), theoutput shows the well known features
of a sum- and beat-frequency.
itiA2 Al sin wi * A2 sin wo= 77 [cos(wo + wi)cos(wowi)] (3.2)
where the wo is the carrier frequency;w1 is the NMR frequency, 7/ is the
detection efficiency.
The sum frequency wo +w1 of higher order, are filtered out by a subsequent
low-pass filter.The beat frequency wow1, which is zero on resonance and is
typically of order 1 kHz in a given experiment stillcontains all the NMR information:
the resonance frequency, line shape, the decaytime T2*.
3.2.3Transient Recorder
A Rapid System Mode R2000 transient recorderconverts the analog signal to digital
data. It is a two channel 8-bit 20MHz digitalrecorder. With its 64K data buffer,
it can record up to 64 ms of data ata 1 MHz sample rate. For our GaAs work it is
set only to take 512 its data witha time resolution of 1 its.
The computer controlled timing board triggers theR2000 to start the sam-
pling process after each NMR pulse. TheR2000 will inform the computer,as soon
as the sampling is finished. The computer then will read the data from the R2000's
data buffer and add to itsmemory. It takes about 50ms for the R2000 to transform
the data and the computer to read the data. So themaximum PRF will be around
20Hz.
A spectrum average is often required to extracta spectrum from the digitized
spectrum of thermal noise fluctuations superposedover a very small signal. If the
fluctuations are random, they will eventuallyaverage out with a factor 1/fg, where
N is the number of spectrum being averaged. In thisexperiment, a signal-to-noise38
ratio of about 50 required about 1000 times signalaverage at temperature 1100°C
for the transient recoder.
3.2.4Programmable NMR Pulse Circuit
A timing device is needed to trigger the transmitterto generate different pulse
sequences for T1, T2 measurements. The R2000 transient recorder also needs to be
triggered to start a samplingprocess. To make this task user friendly, we designed
and build a programmable pulse circuit. This boardis plugged onto a Qua-Tech
PXB-721F Digital I/O board which containsa Intel 6522 PIA, and is plugged into
the PC's mother board.
This circuit can producea single, double, or triple pulse sequence in which
the first pulse can be replaced bya comb pulse. The transient recorder is triggered
on the leading edge of the final pulse of a 3 pulsesequence or at any desired time
for other sequence.
Figure 11 shows the block diagram, and the timingsequence. Figure 12 is
the circuit diagram. Five countersare used in this board. Two 24-bit counters
are used to trigger pulse sequences with delay up to 8 seconds. Two 8-bit counters
control the length of pulses triggered by the delaycounters. These pulse length can
be as long as 128 ms. The fifth counter isa 16-bit counter that starts synchronously
with the delay counters and producesa comb pulse up to 3 ms.
Each of the two 24-bit delay counters and the 16-bit combcounter is associ-
ated with two edge-triggered D-type flip-flop. One of the Dflip-flop's clock is taken
from the 1 MHz clock, this D flip-flop's D input is connectedto a PIA pin. The
beginning of a pulse sequence is defined by instructing the PIAto raise the D input
of the flip-flop that starts the counter associated withit. When the counter reaches
zero, the counter's TC pin resets the second D flip-flop which then resets the first D
flip-flop and stop the counter. At thesame time, it triggers the D flip-flop associated
with the pulse counter to generate the pulse.39
All these counters counton the transition of a 1 MHz clock. The length of
each counter going to count is pre-loadedfrom the computer. A machine language
routing, which is called byan ASYST main program, addresses the PIA interface
to pre-load the counters and start counting.
Since the clock speed is 1 MHz, the timeresolution of the pulse to trigger
the transmitter is 1ps.Also with this circuit the trigger pulseis not frequency
coherent. Therefore, the transmitter isturned on with each pulseso that the rf
phase is random with respect toa continuously running frequency generator. This
is not a problem foran experiment like T1 measurement and for obtaining spectra.<a)
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Figure 11. (a) Block diagram for programmablepulse circuit. (b) Timing sequence.
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Figure 12. Programmable pulse plugboard circuit diagram.42
3.2.5Operating Software and Computer
The entire spectrometer is controlled bya IBM-PC 286 computer. The software
is written in ASYST, and two machine language routines.One routine is used to
control the R2000 transient recorder, it also reads data backinto the computer.
The second routine is used to control and pre-load theprogrammable pulse circuit.
Since the R2000 is not designed to interrupt thecomputer on completion of its
data accumulation, the followingsequence is used. 1) The computer pre-loads the
pulse and delay counter, starts the pulsesequence. The pulse circuit triggers the
transmitter at the end of the delay time. 2)
At the end of the delay time the pulse circuit also triggers theR2000 transient
from its external trigger input to start the samplingprocess. 3) The computer waits
for the sampling finished signal from R2000. 4) Assoon as sampling is finished the
computer calls the data transfer routine to collect data from the R2000'sdata buffer
and adds data into itsmemory. Then another cycle begins.
The control software usedmenu selection to choose different functions. Be-
sides the function of running the measurement cycle, thisASYST program allows
the full selection of the R2000 digital oscilloscopeparameters, saves and reads the
data from disk or plots it ona HP plotter. The program also has some simple data
fitting capability.
3.3Furnace and NMR coil
3.3.1Furnace
The furnace plays an important role inour work, because there is a constant need to
take measurements at elevated temperature. Severalconstraints make the furnace
design much more difficult.1) The furnace has to work inside the magnetic field
so that all the materials used to construct the furnace should not be ferromagnetic.43
2) The furnace should makeno contribution to the magnetic field.3) The outer
surface of the furnace must be atroom temperature. 4) The furnace has to provide
a homogeneous high temperature region and reliably work atup to 1200°C. 5) The
furnace has to fit between the polecapes of the magnet.
Furnace development has beena major effort in our laboratory over the
past several years. The furnace is built aroundan alumina furnace tube (McDanel
Refractory Co. Beaver Falls, PA type 998A-3112)with an inner diameter (ID) of
11" and outside diameter (0D)18 ",and 16" in length.
Two kinds of heating elementare used in our laboratory's furnace develop-
ment. One is annealed tantalum wire (0.035" indiameter) wound in a double helix
over a length of 11" on the outside of an Alumina furnace tubewith 30 double turns.
The double helix windingensures that the furnace current does not producea net
magnetic field. The furnace resistivity atroom temperature is ti 2.0E1; and8.011
at 1000°C. This resistance is the best fit forour power supply's maximum output.
The winding is imbedded ina layer of Sauereisen cement (Electrotemp Ce-
ment No.8, Sauereisen Pittsburgh, PA), which doesnot contain a significant amount
of paramagnetic ions. Then it is covered withtwo layers of 1 mil zirconium foil which
serves as the heat shielding and oxygen getter to prevent the heatingelement from
oxidizing. It is a good practice that anotherlayer of alumina insulation is wrapped
on the outside of the Zr-foil, whichcan significantly cut the power loss at high
temperature almost by half. Undera good vacuum this construction will have a life
time about 200 hours atover 1000°C.
Another type of heating element isa 5/1000" thickness graphite foil cut in a
pattern shown in Figure 13. The graphite foil is wrappedaround the furnace tube
and covered with one layer of alumina thermalinsulation and two layers of 1 mil
zirconium foil. Two pieces of 10 milcopper foil are riveted onto the graphite foil as
the current leads whichare connected to the vacuum feed-through.
The graphite foil heating element has severaladvantages: 1)it is easy and
fast to construct; 2)the graphite hasa relatively small resistivity temperature de-
pendance; 3)it has a longer life time.44
The problem with the graphite foil isthat it does not havevery much
strength.Once it is put inside the magnetic field,the force which comes from
the DC current through the foil interactingwith the magnetic field, will break the
foil apart. A grilled alumina furnace tubewhich can bury the foil into the tube is
on order.
The heating unit is mounted ina double-well aluminum housing. The outside
diameter of the housing is 2-li" and fits between thepole caps. The double well allows
the cooling water to keep the outsideat room temperature.
There are two chambers thatcan be evacuated. One is the heating element
chamber which will protect the heatingelement from oxidation and improve the
thermal insulation. The second is the samplechamber inside the furnace tube, it
can either be kept at atmospheric pressure, be evacuated,or be filled with some
inert gas.
The furnace construction is shown infigure 14
With this furnace construction, thetemperature profile showed that temper-
ature variation over the sample volume doesnot exceed 5°C at 1100°C. Adding the
temperature cycling, the temperature uncertainty ofthe sample should be consid-
ered to be less 10°C at 1100°C.45
II
Figure 13. Graphite foil heating element46
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3.3.2Furnace control
The temperature at the sample is measured andthe furnace is controlled bya
PtPt /l0% Rh thermocouple. The thermocouple is placedin the center of the
furnace tube. The temperature is controlled bya Barber-Colman 520 Solid State
Controller.It is a proportional controller. A SCR firing angle controllingpower
supply is used to power the furnace. Because of theexistence of the magnetic field,
the current has to be filtered toa smooth DC current. A large LRC filter is used
for this purpose.
3.3.3Furnace Electronic Noise Shielding
Since the NMR detection isa radio frequency detection process, and the typical
NMR signal is about 10-1/1Vor even smaller, the thermocouple and the heating
element will work likea big antenna to induce a lot of noise into the NMR coil.
Reducing the noise coming from the thermocoupleand the heating element some-
time is critical to enable the NMR experimentto take place. In our work two sets
of filters are used to reduce the noise.
Figure 15 shows the circuit. It is basically twosets of LCR r filters. The one
for the heating elementpower supply is a commercial 20A AC line filter (Corcom
EMI Filter 20R1) The one for the thermocouple isa carefully home made balanced
it L-C filter, so that the temperature reading will not be affected by insertingthis
filter. Their common ground is connectedto the aluminum furnace housing. It is
proven that this set up will reduce the noise very effectively.48
To temp. controller To thermal couple
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Figure 15. Diagram of thermal couple filter andheater power supply filter.
3.3.4 NMR Coil
Because the sample coil is suchan essential part of the NMR apparatus, it isvery
important that greatcare is taken in its design and construction. For this NMR set
up the NMR coil, which also servesas the sample holder, has to be suspended in
the hot zone of the furnace, at thecenter of the pole caps.
Choosing the physical parameters of the coilmust be a compromise of several
conflicting requirements. For the highest Q(which is not always desirable because
it will result in the largest S/N but theworst recovery time) we need the largest
inductance and the smallest losses. Thiscan be accomplished only as a compromise
since large inductance fora given coil size and shape requires the largest possible
number of turns, but thatmeans small wire diameter for a given coil volume and
high resistive losses.
The rule of thumb is to winda solenoidal coil with its length approximately
equal to its diameter and the wire diameterequal to the spacing between the turns.
The reason for the coil length equalto its diameter is that the Q increases with coil
length but increases slowly after the lengthexceeds the diameter. For the highest
Q, the coil should be constructedas neatly as possible.49
The next consideration is the sample size. A coil builtfor a large sample will
have a smaller H1 field for thesame power because H1 cc V-112 where V is the coil
volume. Since S/N is proportional to the number of nuclei andthe square root of
the filling factor, a filling factoras large as possible is important in the sample and
coil relation.
The strength of the rotating H1 field is [6]
H1 tiPQ1/2 -TR/v,v2(gauss) 3( ) J. ) (3.3)
where the P is the transmitterpower in watts, Q is the quality factor, pc, is the
frequency in MHz, V is the volume of the coil in cm3, andTR is ringdown time of
the coil in [Is. For high H1 fields, it is essentialto keep the coil volume small, use
high power, and have a high Q which usually impliesthe long TR. The Q is given
by
Q = 27rpoL/R (3.4)
where the L and the Rare the inductance and the resistance of the coil.
The following formulas help to estimate howmany turns are required for a given
solenoidal coil geometry.
(n2a2) L = (3.5) (9a + 10b)
where a is the diameter, b is the length of the coilin inches, the inductance
L is given pH, n is the number of coil turns.
The exact number of the turns will haveto be determined experimentally.
The coil ringing is another problem in NMR coil design.During the pulse, a
large amount of current flows in the coil. In thepresence of a magnetic field, large
forces are exerted on the coil wiring whichcauses it to oscillate mechanically as well
as setting up acoustic standing waves in the coil. Thiscan cause additional ringing
following a pulse, sometimes itcan stay as long as the entire T2 time for some solid
samples. The existence of these problemscan be determined by comparing the50
ringdown with the magneton and off. A carefully made coil usually can reduce the
coil ringing to its minimum. Another usefulway to minimize the coil ringing is to
change the RF frequency around the chosenfrequency, in most cases, the ringing
will get quite small atsome frequency.
Because the coil must survive longuse at high temperature, a 0.010" diameter
Pt wire is used to construct the NMR coil.A D=12mm aluminum tube is usedas
a coil frame, the tube has been coated withwax and a double side Scotch tape is
placed on top of thewax. A 12 turn Pt wire is wound on the outside of the tape.
The Scotch tape will help the wirestay in place. The coil is about 12mm long.
This entire unit is then covered witha layer of Sauereisen cement to fix the coil, the
bottom of this coil is also closed by thiscement to form a sample holder. The coil
lead is placed througha ceramic tube and is fixed by the cement at thesame time,
which also serves as the coil-sample unit holder.After the cement has completely
dried, the aluminum is heated ina furnace to 100°C until the wax changes to liquid
then the aluminum holder is removed.
The coil made in this way will have the maximumfilling factor. The resulting
coil has the inductance L Is -'_ 1.5pH, and the qualityQ_ s . - _20 at room temperature.
Figure 16 shows the NMR coil and the probe.connector
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Figure 16. NMR probe and sample
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3.4Sample preparation
The GaAs semiconductor sample is containedin a quartz capsule of diameter 12
mm. Since Ga and As have a very high vaporpressure, the sample has to be sealed
to prevent excessive amounts of Ga and As fromescaping at high temperature.
4" semi-insulating GaAs substrate wafersare used in our experiments as
GaAs samples. The GaAs waferscome from Spectrum Technology Incorporated.
Some of the wafer's characteristicsare given in Table 3.1
The GaAs wafer is first cut by using diamondpencil, then broken into small
pieces. The sample is further ground intopowder and filtered by using #100 sieve.
The quartz tube used to seal the samplehad been sealed off atone end, and necked
in at the other end witha hydrogen torch. The powdered sample is then sealed
in the quartz capsule. The sample materialswere weighed and filled into a quartz
tube. The capsulewas evacuated before it was sealed off.
It is desired that the emptyspace inside the capsule is as small as possible,
because there is lessspace for the Ga or As to evaporate at high temperature. The
capsule is approximately 75% filled. Figure16 shows the sample dimension and the
relation with its NMR coil. A typicalGaAs sample weighs about 2g.
There are four kinds of sample made forthe experiment.
1) Pure GaAs powder sample.
2) GaAs powder sample withextra Ga.
3) GaAs powder sample withextra As.
4) GaAs powder sample with Zr foilinside.
3.5Spectrometer tuning
3.5.1Noise Reduction
For most experiments, there is alwaysa noise problem that one has to deal with.
The signal is in the radiofrequencyrange. Any electronic line or metal platecan
act as an antenna to pickup different kinds of noise.53
In pulsed NMR, there is always noisecoherent with the pulsesequence be-
cause of the transient nature of the experiment. This is inaddition to the usual
random noise as well as other systematicnoise such as 60 Hz "hum" from the AC
source which are not synchronized with the pulse. These non-synchronouscompo-
nents of the noise can be reduced either byappropriate filtering or by multi-scan
averaging or both.
Much of the incoherentas well as some of the coherent noise is due to the
"cross-talk" between different electroniccomponents. Grounding the differentcom-
ponents to a common point with huskycopper ground straps plays an important
part in reducing much of this kind of noise,especially the 60 Hz hum. Sometimes
it is useful to isolate the magnet from therest of the electronics, i.e. the furnace
housing. This helped reduce the noisecoming from the magnet and the furnace
power supply.
Computer noise is another problem. But withmuch more care in grounding
and shielding it is nota major problem for the new IBM-286 computer and its
programmable pulse circuit.
The coherent noise, generated from coilringing and some other coherent RF
signals, was attacked in differentways. A carefully made NMR coil which worked
in the present NMR frequencyrange without large ringing played a major rule
in reducing the coherent noise. Aslight change of NMR frequency to avoid the
coil mechanicalresonance frequency is a common tuning procedure to reduce coil
ringing.
In practice, noise suppression is donelargely by trial anderror.
3.5.2Apparatus tuning
RF signal source
A suitable Larmor frequency is chosenfor the experiment. The outputam-
plitude must be sufficient to drive thetransmitter and the phase sensitive detector.54
Since the Matec transmitter acceptsa large amplitude range of RF, the exact Rf
amplitude is set by the requirement of the phase sensitivedetection unit, for optimal
S/N. It is found that 1.5Vp_p isa good value for it.
Pre-amplifier
There is a set of L-C reactance to be tuned in thepre- amplifier, the L3C3.
To tune this, the switch S2 is closed anda low level rf signal is introduced at the
tune input. Because the 0.51Mi2 resistorcauses the input to be a constant current,
C3 is adjusted for maximum amplitude at theoutput.
Sample coil circuit
Once the pre-amplifier is tuned,open switch 82.Adjust capacitor C2 to
obtain the maximum amplitude at thepre-amp output. Usually this maximum Vpp
is smaller than the maximum Vpp for the pre-amplifierturning step.
Transmitter
First a 1/4 wave length cable is selected. A dummyload is then attached at
the end of the cable. The transmitter is turnedon, the pulse is measured with an
oscilloscope across the dummy load. The tuningcapacitor is tuned on the Matec
transmitter to achieved the maximum output at the load.55
Chapter 4
Data Reduction and T1Measurement
4.190° and 180° Pulse
In the rotating frame of the referencethe nuclear magnetization, M, willprecess
about the x' direction at therate 713; during the pulse. At the end ofa pulse of
duration 7-p, it will have precessed by,-yHirp in angular units. Nowrp may be set at
ti any pre- selected value, if it is 7r/27H1, then M willhave been turned through 90°
into the y' direction. Ifrp = ir/yH1i then at the end of the pulse M will liein the
-Z direction. This twocases are so called a 90° ( or 7r/2 ) pulse anda 180° ( or 7r)
pulse respectively. Thus theuse of the pulse enables the experimenter to place the
nuclear magnetization inany chosen direction, without any loss in magnitudeof M
( providedrp < T1
Following the pulse, Boltzmannequilibrium is slowly restored by relaxation.
A 180° pulse is succeeded by spin-lattice relaxation,
Mo = [M,(0)Mo]exp(t/TO (4.1)
Similarly, in the absence of B0inhomogeneities, a 90° pulse is followed by
transverse relaxation, usually exponential,
My(t) = My(0) exp(t/T2) (4.2)56
Note the two equationsare just the integrated forms of the Bloch equations,
and the T1, T2 are exactly those used inthe Bloch equations, being the spin-lattice
and transverse relaxation times respectively.
4.2The Measurement of T1
A 180° pulse is followed by purelyspin-lattice relaxation, butno signal is seen
because no magnetization is producedin the y direction. However, atany point in
time following the pulse the state ofthe magnetization /141,may be monitored by
applying a 90° pulse. This formsa method for measurement of T1, knownas the
inversion-recovery method because the firststep inverts the magnetization. The
vector diagrams for this experimentare shown in figure 17. (a) A 90° pulse along x'
rotates M from the equilibrium position to the y'axis. (b) M decreases as magnetic
moments dephase. (c) Input signal,a 90° pulse, corresponding to (a).(d) Effect
of a 90° pulse. (e) and (f) give thediagrams for a 180°-T-90° pulsesequences. M
is inverted by a 180° pulse (e). Themagnetization begins to grow back through
zero toward its equilibrium value M(0). To sample this regrowth,the magnetization
vector is turned by the 90° pulse back alongthe y' axis (f) at timeT, where it is
observed and recorded as M(t). The pulsesequence is,
[1800r90 ° (FID)Td]n (4.3)
where the delay time Td, normally about6 ti 7 T1, is needed for the Boltzmann
populations to be re-established between180° pulse. The accumulated FID is saved,
and the evolution periodr is varied. The intensity of the FID, the FID height S, for
each r may be plotted againstr, and thus T1 is found according to the equation,
ln[S(oo)S(T)] = 1n2lnS(oo) (4.4)
From this equation wecan get several interesting points. At shortrecovery57
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Figure 17. The effects of a 90° pulse (a)-(d), anda 180°-r-90° pulse sequence(e)-(f)(in the frame
of reference rotating at w1)
time T the signal will appear negative, since in effecta 270° pulse has been applied.
At very long time, full recovery is obtainedso that So a-- S(oo). At some inter-
mediate time the signal will be zero. This time,rniiii, can be used to give a rough
measure for T1 according to
Ti = r,,,,ii I In2 (4.5)
The inversion-recovery method can requiremany hours of accumulation be-
cause of the long delays needed to achieve spin equilibrium. The method of progres-
sive saturation is faster. It employsa series of pulses to achieve a dynamic steady
state of equilibrium zero magnetization. The FID is measured atr later. The pulse
sequence is[XX -T - 90°(FID)]
10
The magnitude of the signal after timer is
M(0)M(t) = M(r)exp(T/Ti)
58
(4.6)
(4.7)
and therefore we can fit the T1 from thisequation. In general the saturation method
works very well when T1 is longer than 0.5second.
4.3Data Recording
A free induction decay (FID) is recorded aftereach 'read' pulse. Generally there
are two ways to record the FID signal for thepurpose like T1 measurement. One is
the use of a Boxcar Integrator. Another isto use a transient recorder.
In the boxcar integrator operation, theoutput of the receiver (indeed the
output of the detector) is appliedacross a series combination of an ideal switch
(boxcar gate), a resistor, anda capacitor, shown in figure 18.The switch is closed
during the boxcar gate pulse andopen at all other times. After a appropriate setup,
the response of the boxcar integrator is wellapproximated by the potentialon C
between boxcar pulses [7]. This potentialwill represent the intensity of the FID.
During the T1 measurement, the output of theboxcar signal is sent to the waveform
recorder, plotted against the timeT. A typical plot is shown in figure 19. Although
the boxcar integrator was invented long beforethe fast transient recorder, it is still
a very useful device today. It is simple to operate and has themajor advantage of
being capable of running ata much faster recording rate.59
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Figure 18. The boxcar block diagram.
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Figure 19. A typical boxcar outputwaveform.60
The transient recorder,on the other hand, can collect more information since
it records the FID waveform. The FID istransformed and stored in the computer
memory for further analysis. If all the spins being monitoredare equivalent, and
if the carrier frequency is exactlyon resonance, a simple exponential decay will be
observed. Detection itself is usually basedon the carrier frequency, so any deviation
from resonance is manifestedas a modulation of the FID. The transient recorder is
essential for Fourier Transform (FT) NMR.
Figure 20 shows the dataprocess for the T1 measurement for a singlereso-
nance solid-state sample. (a) the recorded FID waveform; (b)a FFT will transfer
it into the frequency domain, the peak heightis proportional to the magnetization
M. (c) different peak heightversus the T.(a)
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Figure 20. The original FID signal and its FFT.62
4.4Ti Fitting
Under ideal conditions, the magnetization recovery afteran exactly 90° pulse is
M(t) = M0[1exp(t/Ti)] (4.8)
assuming exponential recovery. Traditionally, the time constant has been evaluated
by semilogarithmic plot of the decaying functionversus time. The objection to
the semilog plot method, is that it is not quantitative because the fit to the time
variation is performed by eye. The fit by eye can be good, dependingon the eye.
With the help of a computer we can fit the T1 muchmore accurately. The
recovery can be recast in the form of a general exponential decay
Y(t) = Aexp( t /T1) + Mo (4.9)
where Y represents the fraction of magnetization left torecover, A contains
information about initial magnetization, and B is the thermal equilibriummagne-
tization.
It is worth pointing out that the quantity measured in this method depends
on the ratio of the time-dependent magnetization Y(t) to the thermal equilibrium
magnetization M0. This means that the measurement of the equilibrium magneti-
zation M0 is also important, otherwise, the magnetizationrecovery can look very a
good fit with little scatter, but the resulting T1may be wrong. A good practice is
to measure the FID decay signal up to 56 T1.63
Chapter 5
Experimental Results
5.1 NMR Data Collection
GaAs samples used in this workwere prepared with materials obtained from two dif-
ferent sources (section 3.4). The sampleswere sealed in quartz capsules of diameter
12 mm.
The free induction decaywas recorded by using a boxcar integrator in this
work. A programmable data recorderwas then used to register each individual
value with respect to itsT value. The raw data transferred to the computer consist
of a series of exponential decaycurves like the one shown in figure 21.
For all three nuclei under investigation, 69Ga,71Ga, and 75As, free induction
decay measurementswere taken over a temperature range 400°C to 1200°C.The
temperature interval in which the datawere taken is 200°C for T < 1000, because
of the relatively slow change in thelow temperaturerange. The T1 data were taken
at 50°C intervals above 1000°C. The hightemperature range is chosen for three
reasons:
1) The GaAs hasa melting point of 1240°C and the temperature must remain
below this value.
2) The weaker signal eventuallydisappears in increasing thermal noise.
3) At temperatures above approximately1200°C, the quartz capsule will get
softer and the ever increasingvapor pressure may break the sealed capsule.LVo lic-t.
f
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Figure 21. Typical T1 relaxationcurve
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isotopef=4.5 MHz f=11.4MHzf=16.4 MHz
'Ga 4.57 KG 11.15 KG16.146 KG
71Ga 3.62 KG 8.78 KG 12.7 KG
'As6.404 KG15.63 KG
Table 3. Frequencies and magnetic fields used in this study
All three isotopes under investigationare run at three different resonant
frequencies except ThAs which requiresa higher B field than our electromagnet can
reach at 16.5 MHz. Table 3 gives all the frequencies and B fieldsused for this study.
The spin lattice relaxation time T1was recorded by repeatedly sweeping
between an initial inverting "180°" pulse and the "90°" pulsegenerating FID. The
data from repeated sweepswere averaged until an adequate signal-to noise ratio
was obtained, usually less than 5 % statistical fluctuation. At low temperature,
a stronger signal requires few sweeps to obtain adequate signal/noise ratio buta
longer T1 time will dramatically increase the time requiredfor each average. On the
other hand, at high temperature, the weaker signal requiresmore average numbers
to reach acceptable S/N ratio. So the data collection time for eachtemperature for
one isotope required about 1 hour.
Appendix A gives the detailed experimental data (T1) for alldifferent samples
and runs. It also includes theexcess relaxation rate (1/T1), above 1000°.
As can be seen in Appendix A that at the lowest field (i.e.the 4.7MHz NMR
frequency) the experimental uncertainty is larger than theone for 11.4 MHz and 16.4
MHz data, this occurs because the NMR signal is proportionalto H02 as stated in
section 2.5. And this sets the lowest B field limit forour NMR spectrometer setup.
Appendix B gives the detailed experimental set ofparameters for this work,
such as the timing constanton the boxcar integrator and so on.66
5.2Total Relaxation Rate and Its Features
The relaxation rate for all different samples, different isotopes and 3 different NMR
frequencies are shown in figure 22- figure 24 which contains two kinds of information.
1) At the lower temperatures, the relaxation rates on this log- log plot show
that the log of 1/T1 is a linear function of log T. The two different Ga isotope
rates remain parallel all the way to 900°C, i.e., each has the same temperature
dependence. The relaxation rate for 'As, on the other hand, has a slightly different
slope 'a', all three isotopes have slopes close to two.
2) At higher temperature region, the relaxation rates increase rapidly with
temperature. From fig 22- fig 24 one can find that the 71Ga's rate increases even
faster than the 69Ga's rate. This suggest that another relaxation mechanism be-
comes important at high temperature other than the low temperature background.
5.3The T2 'Background' Region
A non-linear least squares fit algorithm adopted from Bevington [14] is used to fit
the relaxation rate in the low temperature region. Two different kinds of fitting
functions are used in our fitting
and
1/T1 . 0 . T2 (5.1)
11T1 = # Ta (5.2)
The program determines a set of optimum parameters and the respective
errors under the assumption that the fitting function is correct, and that the fluc-
tuations of the data are statistical. The results of the graphical analysis served as
starting values for the parameters a and 9.
The optimized parameters thus obtained were checked by plotting the fitted
function over the experimental data. One of the important factors is also determinedE
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Figure 22. Total relaxation rates for allthree isotopes at 4.7MHz
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Figure 23. Total relaxation rates for all three isotopes at 11.4MHz
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Fig ure 24 Total telaiatioa70
sample 1 /T1 = /3Tc' 1 /T1 = /3 -T2
a logio /3x2log10 /3x2
S4(1) 1.949-7.3260.79-7.4792.31
S5(1) 1.956-7.35128.0-7.48321.6
S6(1) 1.963-7.3673.58-7.4796.52
S7(1) 2.004-7.4801.89-7.4671.81
S7(2) 1.957-7.3532.94-7.4833.26
S8(1) 1.933-7.2842.80-7.4857.40
S8(2) 1.958-7.3433.61-7.4703.62
S9(1) 2.048-7.58541.6-7.43931.3
S10(1) 1.941-7.3042.54-7.4838.79
S10(2) 1.977-7.4063.60-7.4763.77
S10(3) 1.950-7.3270.61-7.4773.48
S10(4) 1.916-7.2095.62-7.4574.42
all w/o 1.948-7.3242.61-7.4766.07
S5(1),S9(1)
Table 4. 69Ga quadrupole relaxation 'background'fit between 25- 900°C
from this fit, i.e. the highesttemperature for this interaction region. Table 4 gives
the quadrupole relaxation 'background' fitfor 69Ga in the temperaturerange 25°C
to 900°C.
The last line in table 4 isa fit with all data from different samples and
runs (including all 3 frequencies) except sample5's firstrun and sample9's first run
which have obvious larger thanaverage fluctuation. The same fitting procedure
was repeated for 71Ga and 'As. The final data for thequadrupole relaxation
`background' for all three isotopesare given in table 5.
The a in table 5 for the two Ga isotopesare very close, more over, the two
given in table 5 has the ratio71
isotopea 0 x2
69Ga1.9484.7424 x 10-82.61
71Ga1.9531.8687 x 10-83.90
mAs2.1781.7075 x 10'3.48
Table 5. Quadrupole relaxation 'background'a and /3 for all three isotopes at 25900°C
#694.724 x10_8 R 2.528 (5.3)
/3711.8687 x 10-8
and the ratio of the quadrupolemoments squre (given in table 2) for the two Ga
isotopes is
0.178
R = (0.112)2- 2.526 (5.4)
This quadrupole moment ratio is thesame with the ratio of the 69Ga to
71Ga relaxation rates in the lowtemperature range within experimentalerrors.
Figures 25,26, and 27 show the experimental relaxationrates and their fitted
curves by using eq 5.2. Note that each plot contains data points for allsamples and
NMR frequencies. It isas expected[19] for this process that the relaxation rates of
both Ga isotopes are frequency-independentat low temperature and scaleas the
square of their nuclear quadrupole moments.
The 'background' data showsvery good agreement with the quadrupole re-
laxation theory. The small deviation of alphafrom the ideal value of 2 is not
unreasonable, since temperature-dependentchanges in the phonon statesare not
included in the theoretical result.72
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Figure 25. 69Ga's low temperature regionrelaxation rate and its fittedcurve73
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Figure 26. 71Ga's low temperature regionrelaxation rate and its fitted curve74
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Figure 27. 75As's low temperature region relaxation rate and its fittedcurve75
5.4Excess Relaxation Rate Region
Above about 1100 K, the relaxationrates for all three isotopes begin to deviate
strongly from the T2 phonon backgroundindicating the appearance ofa new re-
laxation mechanism. The rates for thisnew process evidently increase rapidly with
temperature up to the highest temperaturesstudied. The relaxation ratesare no
longer frequency-independent, and theratio of the two Ga isotope relaxationrates
also changes in this temperaturerange. As indicated in section 5.3, the experimen-
tal ratio for R= (1/T0691(117'071 = 2.53, the square of the ratio of therespective
quadrupole moments. As shown in figure29, the experimental ratio drops well
below this value above 1100 K. If therelaxation is due to rapidly fluctuating local
magnetic fields interacting with the Gamagnetic dipole moments, the ratio of the
relaxation rates is equal to the ratio ofthe square of the nuclear magneticmoments,
or R = 0.619. Thus the observed reduction of the ratioat high temperature implies
the excess relaxation is causedat least partly by magnetic interactions.
An excess relaxation rate is defined by:
1 (-1)x =(-1)t()b (5.5)
where (1/T1)t is the measured totalrate and (1/7'1)b is the phonon relaxation 'back-
ground' rate discussed in section2.6.5. The background rates for threedifferent
isotopes are given in table 5. Column6 of Appendices A gives experimental (1/111),
values for all different samples andruns above 1000°C.
In figure 28, theexcess relaxation rate (1/T1)s at 1425K is shown for 69Ga
and 75As as a function ofresonant frequency.76
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Figure 28. Excess relaxation rateat 1425 K versus NMR frequency for 69Ga and 75As77
Chapter 6
GaAs- Discussion and Results
6.1(Ti)x's Isotopic Dependence
As discussed in section 5.4a new process becomes dominant above 1100 K. A study
of (1/T1)ratios of the two different Gaisotopes has enabled us to find out the
nature of this new process.
If the new relaxation mechanismis due to a quadrupole interaction with
rapidly fluctuating efg,one gets the Q equation below. If the interaction is with
rapidly fluctuating magnetic fields, thenone gets the magnetic R equation below.
The relaxation ratio of the two Gaisotopes is also changed in this temper-
ature range. But the interaction environmentsfor this two isotopes should be the
same, as the spins of both Ga isotopesare equal, and the chemical environment is
assumed to be thesame. Therefore, if the new relaxation mechanism is dueto a
quadrupole interaction with rapidly fluctuatingefg, one gets the RQas below. If
the interaction is with rapidlyfluctuating magnetic fields, then the ratiowill be
Rm.
C2(69 2 Ga)
3
1/(T1/69
=. RQ
1/(T1)71'Q(nGa)
11(7069=(1469Ga))2= 0.61 1/(T1)71 ii(71-Ga)
(6.1)
(6.2)78
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Figure 29. Ratio ofexcess relaxation rate (1/T1)z for 69Ga to 71Ga
The ratios obtained fromEquation 6.1 for rapid quadrupolerelaxation and
equation 6.2 for rapidparamagnetic relaxationare plotted as dashed lines in fig-
ure 29 and the experimental (TOx dataare between this two lines and well below
the quadrupolar limit2.5. The (T1)r ratiosare not strongly temperature depen-
dent and have valuesnear 1.0, this signifies that the interactionis either a mixed
magnetic and quadrupolarinteraction or that the interactionis not rapid in this
temperature region.
In a later section,a numerical fitting routinewas designed to fit the data to
well-understood magnetic andquadrupolar interactions, determinethe interaction
parameters, and, if possible, determinethe relative importance ofmagnetic and
quadrupole interactions.79
6.2(T1)x Induced byParamagnetic Interaction-fand
Dipolar interaction
The coupling between the electronspin, g, of a paramagnetic defect and thespins,
1 of nearby hostnuclei is generally well-approximatedby either a scalar interaction
of the form 7i= or a dipolar interaction. At high temperature, it is likely
that atomic diffusion is rapid enoughthat the motionally-averagedapproximation
is valid for NMR relaxation. Ifso, the relaxation rate due to a molar concentration
n, is expected to be an appropriate choice. Therelaxation rates due to molar
concentration N, of defect spins in thetwo cases are given by equation 2.41 and
equation 2.48.
(
1 2
)scalar = -3 N,A2S(S +1)Awscol')
and
(6.3)
(
1 4 3 )dipolar = 15 Ns-d-ys2h2S(S +1)b-6[-
1
J(wsw1) +-2 J(wi)3J(wiws)] (6.4) 2
where As is the effective scalarcoupling energy per defect, b is theseparation
between the spin anda neighboring nucleus, and the spectral density functionJ(w)
depend on a correlation timeT for the interaction according to
T J(w)- (6.5) 1 + w27-2
1/T is the larger of the electronspin relaxation rate and the diffusionrate of the
defect. ws is the Larmor frequency ofan electron spin and is typically three orders
of magnitude larger than nuclearLarmor frequencies.
Scalar coupling is usuallya good approximation for the nucleus-electron spin
interaction for itinerant electrons and for thecentral atom of a highly-localized spin.
For nuclei of atomsnear a localized electron, both spin scalar and dipolarcoupling
can be significant, and it is difficulta priori to predict which is the more important
to relaxation.80
For these experiments, the small but significantfrequency dependence implies
that 1/T must be comparable to either the electronLarmor frequency co, if scalar
relaxation is dominant, or to the nuclear Larmorfrequency co/ if dipolar relaxation
is dominant.(T1),, should varyas (1 + (472) for the first possibility, or vary as
(1 + 472) in the secondcase.
It is possible in principle to distinguish betweenthe two relaxation mecha-
nisms. If the scalar interaction is dominant,the ratio
(71)x (wS) 22 = 1+W (6.6)
(Ti)r (0)
should be the same function ofcos for all isotopes at any given temperature, since
T is a function of temperature alone and cos is proportional to themagnetic field in
which any particular measurementswere done. If, on the other hand, the dipolar
mechanism is responsible for the nuclearrelaxation, the ratio
(Ti)x(coi)
= 1 + 47-2 (6.7)
should be a common function ofco/ for all isotopes at any temperature.
The (1/T1)x ratios shown in figure 29are not consistent with the assumption
that the new mechanism is solelya dipolar magnetic interaction.If it was, then
the ratio at any frequency should be equalto the ratio of the magnetic moments
squared. This figure clearly shows that it is largerthan this. The ratios interpolated
to constant B field are also clearly larger than themagnetic ratio. Consequently
neither mechanism aloneor any combined scalar/dipolar mechanismcan explain all
the data. Either the magnetic interactionis not motionally averagedor there is also
a quadrupolar interaction as well.
6.3(T1)x Induced by QuadrupolarInteraction
In last section, the data given in figure29 showed that the excess relaxation not
only has a magnetic relaxation but also hassome contribution from quadrupolar
relaxation.81
The quadrupolar relaxation is generatedby interaction between the nuclear
electric quadrupole moments and fluctuatingelectric field gradients. From theex-
perimental result, the motion ofa defect which create the fluctuating electric field
gradients with a correlation time of order 10-8sec is a good starting point for our
fit.
We can model the quadrupolar relaxationby the following expression:
( )x =CQ(aQn)21
1-Q
4.02 72
n Q
6.4Computer Fitting to combinedRelaxation
6.4.1Model and Fitting Routine
(6.8)
As discussed in the last twosections, the Ga and As isotopesare strongly af-
fected at high temperature byinteractions of these nuclei with magneticdefects
and quadrupolar defects.In order to find out the percentageof contribution of
magnetic and quadrupolar defect, andto determine whether the scalaror dipolar
magnetic relaxation is the dominantprocess to the magnetic relaxation, a non-linear
least-squares fit program is usedto fit our relaxation model.
Three kinds of relaxation mechanismsare used in the fit. The scalar inter-
action model given in equation 6.3gives us the following:
1 (Ho7702
(Td" C1 + (-078)2
the dipolar interaction modelgiven in equation 6.4 has the form:
1 (H0171)273
) dipole Si+(-y7,137-42
the quadrupole interaction's contributionto the excess relaxation has the form:
(6.9)
(6.10)
1
\ 027Q
)quadrupole
CQ1 + (^ynBTQ)2 (6.11)82
where CQ is the concentration of the defect causing thequadrupolar relaxation
times the effective number of neighbors, and C., is theconcentration of electronic
spins times the number of neighbors. Theyare given by:
eQzQeEQ/kT
eszseEsIkT
withzQ 1 (6.12)
withzs ti 1 (6.13)
The defect hopping rate TQ for the defect causedquadrupolar relaxation is
assumed having simple activated form and fittedto the following expressions:
1 /TQ = 11QeEj IkT (6.14)
and spin correlation timeTs for the magnetic relaxation can be dominated by a
number of possible mechanisms. If the defect density is small,it could be a Korringa-
type process with carriers, or if thereare several charge states, it could be controlled
by the rate at which the charge state changes. Unlesswe have some reason to believe
otherwise, it is assumed to be givenas an activated energy form:
117.8vfeEfIkT (6.15)
The energies in the above equationsare defined as:
EQthe activation enthalpy of the concentration of thedefect causing the
quadrupolar relaxation.
Ej - the barrier energy fora defect jump for the quadrupolar relaxation.
E,the activation enthalpy of the spin concentration causingthe paramag-
netic relaxation.
Ethe activation energy of spin fluctuations.
Both the scalar and dipolar magnetic interactionswere fitted, since there is
no a priori reason to believe that one or the other is correct.
(1WTI).=(1---)rg+(j--)quadrupole (6.16)83
or
1 1
( ) (1/71)x =T
)dipole+ ( )quadrupole 6.17
With so many parameters in theequation 6.16 or6.17, especially with 4
very sensitive exponential energy factors,a set of good starting parameters is very
important to ensure the fitting routinewill converge.
Reasonable physical modelsare used to estimate the starting parameters.
Table 6 and 7 gives all of the startingparameters used in our fitting and fitted results
for both I. S' I Q and dipole+Q relaxation.The experimental (1/T1)x data for 69Ga
along with the fitted (1/T1)xcurves versus temperatures are plotted in Figure 30 for
the dipole+Q model and figure 32 forthe i § + Q. In each figure, thereare three
fitted curves representing three differentNMR frequencies (4.7, 11.4, 16.4 MHz)
along with data for 69Ga taken at thesethree different frequencies. Onecan see that
the data have a clear frequency dependence,but errors are large enough that data
at different frequencies havesome overlap. The same fitted results given in table 6
and 7 are used to plot with theexperimental data for all three different frequencies
again, but this time only the quadrupoleterm's contribution being plotted. They
are given in figure 31 and figure 33. Compare figure32 and figure 33 onecan see
that the quadrupolar relaxation hasabout 50% contribution to the totlrelaxation
rate (1/T1)x at all three frequencies by using I. Sq + Q model,on the other hand,
figure 31 and figure 30 show thequadrupolar relaxation's contributionto the total
excess relatation (1/T1)x ranging from 25% at f=16.4 MHzto 60% at f =4.6 MHz.
All those plots showa quite strong frequency dependence for both quadrupoleand
magnetic term in both models.
The x2s for both fitsare in the range of 10.3-10.5.
6.4.2Fitting Results- Discussion
Correlation time
While table 6 and 7 give the best fittedresult, more fitting work has been
done to find the correlation timeTQ and Ts. Here TQ andTsare defined in equa-0.16
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Figure 30. 69Ga experimental (1/T1)rdata and its fitted curve using dipole-EQ.
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Figure 31. 69Ga experimental (1/T1)xdata and its fitted curve using dipolei-Q, onlyquadrupole
term being plottedch
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Figure 32. 69Ga experimental (1/T1)x data andits fitted curve using f .§ + Q
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Figure 33. 69Ga experimental (1/T1)x data and itsfitted curve using f S + Q, only quadrupole
term being plotted86
parameter f ... + Q
range start result
H0 for magnetic term for Ga 1-10 T 254 T 185
H0 for magnetic term for As 1-10 T 356 T 187
of pre-factor for Ts 2.191011
lig pre-factor for Tq 2.53107
a G a in quad. term 108109(Sbarn)-11.61096.24 109
ail, in quad. term 108109(Sbarn)-18.7 1085.19109
E, enthalpy of spincon. 1.5 eV 1.96
Ef energy of fluctuation 0.1ev -0.055
EQ enthalpy of defectcon. 1.5ev 2.40
Ei energy jumping barrier 0.1eV -0.188
Table 6. Fitting parameters and results for f Q
parameter dipole + Q
range start result
Ho for magnetic term for Ga 0.1 T 5.99 T 5.908
H0 for magnetic term for As 0.1 T 9.3 T 9.354
vf pre-factor for Ts 6.81078.06107
14 pre-factor for Tq 1014.9-1 6.7 1079.69106
a Ga in quad. term 108109(Sbarn)-11.61091.54109
crAs in quad. term 108109(Sbarn)'8.7 1087.49 108
Es enthalpy of spincon. 1.5 eV 2.07 2.05
Ef energy of fluctuation 0.1ev -0.073 -0.095
EQ enthalpy of defectcon. 1.5ev 1.98 2.107
Ei energy jumping barrier 0.1eV 0.25 -0.23
Table 7. Fitting parameters and result for dipole+ Q87
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Figure 34. TQ versus temperature for different activationenthalpy. Q model)
tion 6.14 and 6.15. TheTQ and Ts played an important role in helpingus to dis-
tinguish which model is right for theexcess relaxation (T1)x. Figure 34figure 37
shows the correlation timeversus temperature as functions of activation enthalpy
of the defect spin concentration causing therelaxation. Those graphs are generated
by fixing the spin activation enthalpyin the concentration term and letting other
terms vary. TQ get the shortest values when allparameters are set free, whereas
fixed E,'s fits give longerTQ and a stronger temperature dependence.
Comparing the TQ result for f Q model and dipole+Q model plot,one
immediate consequence of these plots is that thequadrupolar relaxation time TQ
generated from the dipole+Q model fit isquite long16ns). As given in table 6
the attempt frequency for the electric fieldgradient to jump should be in the order
of 1010 range, so this fitting result clearlysupports the hypothesis that the NMR
relaxation is due to I + Q, and it alsoagrees with the analysis given in section 6.2
The x's obtained from all of the fitare all are ranging from 10.3 to 11.3.88
T(C)
Figure 35. 7, versus temperature for different activation enthalpy. (I S + Q model)
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Figure 36. TQ versus temperature for different activation enthalpy. (dipole+Q model)89
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Figure 37. Ts versus temperature for differentactivation enthalpy. (dipole+Q model)
This number is the true reflection of thequality of data collected in this work. As
given in the background fit section,the x2 is 2.6 for 69Ga, 3.9 for 71Ga and 3.5 for
'As in the 'background' fit,so the uncertainties contributions to the (TOs fit from
the background isvery small.
Figure 38 gives a plot of x2 with thechange of energyE, ina set of fits using
I+ Q model. This set of fitswas done when the activation energy E, is fixed
in each fit, and a different E, is givenfor each different fit. This plot showsa very
flat x2 changeeven when the fit is driven far from its best result by givena very
large or small E,. This x2 behavioris due to the overlaps and the fluctuations of
the experimental data, and it is greatlyreduced the ability of using x2 to find the
best fitting result.12
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Figure 38. X2 versus activationenergy E, using f . S + Q model.
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Chapter 7
Summary and Conclusions
In this project, we useda conventional pulsed NMR spectrometer to study effects
on NMR relaxation of defects in the III-V semiconductor, GaAs. Thespin-lattice
relaxation time T1 for 69Ga, 71Ga and 75Aswas measured at elevated temperature.
Unlike earlier work [17][18] in whichnon-equilibrium defects were studied by NMR
using samples quenched from hightemperature, this work was conducted in situup
to 40°C below the GaAs melting point underconditions that shouldassure that the
sample was in thermal and chemicalequilibrium.
Two different sources of GaAswere used to prepare our samples. Pure GaAs
was powdered and sealed under vacuum in fused silica ampoules.Samples whose
composition was altered slightly by sealingexcess gallium metal or a slight excess
of arsenic into the capsulewere also made. One special sample was made witha
separate chamber with arsenic metal in itso that the arsenic vapor pressure can be
controlled over another heater.
A well-understood quadrupole relaxation behaviorwas observed in the lower
temperature region. The relaxation ratesare frequency-independent and propor-
tional to T2 within experimentalerror up to 900°C. The relaxation rates of the
two Ga isotopes have the observed ratio R= (1 /T1)69/ (1 /T1)71 = 2.53, which is
equal to the square of the ratio of therespective quadrupole moments,as expected
for this process. This relaxation is dueto a phonon related relaxationprocess in
which nuclei interact bymeans of their nuclear electric quadrupole moments with92
the time dependent electric field gradientsgenerated by lattice vibrations. We refer
to this as a "background"process. It is characteristic of a defect-free crystal.
Above 1100 K the relaxation rates beginto deviate strongly from the T2
phonon background indicating theappearance of a new relaxation process. The
excess relaxation rates (1/T1)s were determined from the hightemperature data
by subtracting the extrapolated "background".The ratio of theexcess relaxation
rate of 69Ga to nGa is found to be generally inthe range 0.8 to 1.2. This ratio is
clearly smaller than expected fora purely quadrupolar relaxation and larger than
expected for a pure magnetic relaxation.The ratio expected forpure quadrupo-
lar relaxation is 2.53 and 0.61 for magnetic.This is taken as an indication that
thermally-generated defectsare responsible for the additional relaxation and that
both magnetic and quadrupolar relaxationis important.
A computer fit routinewas used to fit our (1/T1)s data. The fitting routine
has been applied to botha f.:5' + Q model and a dipole+Q model. The fittinggave
the following result.
1) The activationenergy of the concentration of the magnetic and quadrupole
defects is 2.0 eV plus or minus about 0.2 eVfor each model, leadingus to conclude
that both the magnetic and quadrupolarrelaxation is due to the same defect. There-
fore, the two concentrationswere set equal and all other parameters were allowed
to vary.
2) Both the scalar and dipolar modelsfit equally well, the X2 showed almost
no difference, and both give relaxation timesT that are not strongly temperature-
dependent, i.e. that have activation energiesno larger than a few tenths of an eV.
Within fitting errors, we cannoteven tell the sign of the "activation" energy.
3) The correlation times for the quadrupolarinteraction are of order 1-30ns
and could, in the case of the scalar model,be even smaller.
4) The correlation time for magneticfluctuation within the dipolar model is
3-7 ns, and for the scalar model is 1-4ps.
On the basis of the fitting,we cannot tell definitively which if either model is
the correct one. In eachcase, it is puzzling that the 75 are so weakly temperature-93
dependent. The Ts for magnetic fluctuationin the case of the dipolar interaction is
so long and so weakly temperature dependent thatwe question whether the model
is physically reasonable.
The pure, Ga-doped, and As-doped sampleshad no obvious systematic devi-
ations. The experimental data show thatthe experimental scatter is about 3 times
the random uncertainty of fitting theraw spectra to obtain T1 with all differentsam-
ples, and the scatter showsno obvious systematic patterns. We do not understand
why the random scatter is largerat high temperature than at lowertemperatures
and why it does not haveany apparent relationship to the sample composition.
The nature of the magnetic relaxationis not clearly determined. Further
NMR experiments at high magneticfield may providemore insight, since the re-
laxation mechanisms with the longestcorrelation times will be suppressed, and it
may be possible to determine whetherour fitting models are adequate to explain
all data. In addition, itmay also be useful to examine data in the low-frequency
limit by doing T1p experiments. Thoseexperiments will give answers tosome of the
presently unanswered questions.94
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Appendix A
GaAs Experimental T1 data and its (1/T1)x
1. List of Samples Used in This Work.
sample# explanation date madeweight (g)
#4 GaAs in small pieces, from wafer7/17/90
#5 GaAs in small pieces, from wafer,
with extra As
9/24/90 2.814
#6 GaAs from wafer, #100 sieved,
with extra Ga
10/17/90 2.3708
#7 GaAs from wafer, #100 sieved,
with Zr foil
4/8/91 2.0724
#8 GaAs from Johnson Matthey,
"as supplied"
5/13/91 2.1381
#9 GaAs from wafer, special sample
with As reservoir
7/4/91 2.8306
#10 GaAs from wafer, #100 sieved,
with extra Ga
7/11/91 2.790997
2. T1 and (1/711)x
T(°C)T1 (ms)ATI. (ms)B(T)isotope(1/Ti)lx (ms-1)remarks
25.0319.00 5.00 1.115069Ga sample 6
400.0 66.60 .60 1.115069Ga
600.040.40 .40 1.115069Ga
800.026.80 .30 1.115069Ga
900.021.60 .30 1.115069Ga
950.019.20 .30 1.115069Ga 3.06 x 10-3
1000.016.30 .20 1.115069Ga8.35 x 10'
1050.013.00 .20 1.115069Ga 1.98 x 10-2
1100.09.60 .15 1.115069Ga 4.28 x 10-2
25.0770.00 10.00 .8780 71Ga
400.0166.00 2.00 .878071Ga
600.0102.00 1.00 .878071Ga
800.070.40 1.00 .8780 71 Ga
900.0 53.30 1.10 .878071Ga
950.039.40 .90 .878071Ga 5.36 x 10-3
1000.033.20 .80 .878071Ga 8.47 x 10-3
1050.023.20 .50 .878071Ga 1.98 x 10-2
1100.015.80 .50 .878071Ga 3.82 x 10-2
25.0 240.00 5.00 1.563075As
400.039.70 .40 1.563075As
500.030.30 .30 1.563075As
600.023.30 .30 1.563075As
800.0 15.00 .30 1.563075As
900.011.60 .10 1.563075As
1000.08.94 .09 1.563075As 1.33 x 10-2con mum' ircan. last, L.-rune
T(°C)T1 (ms)ATi (ms)B(T)isotope(1/T1)1, (ms-1)remarks
1100.05.82 .08 1.5630'As 5.56 x 10-2
700.0 18.90 .20 1.563075As
700.018.40 .20 1.563075As
25.0319.00 5.00 1.115069Ga sample 7
400.065.10_ 1.10 1.115069Ga 1st run
600.039.10 .70 1.115069Ga
800.025.10 .30 1.115069Ga
1000.015.90 .20 1.115069Ga 9.89 x 10'
1100.011.80 .20 1.115069Ga 2.33 x 10'
1100.012.20 .20 1.1150690a 2.06 x 10'
25.0240.00 5.00 1.563075As
400.041.10 .70 1.563075As
600.0 23.30 .40 1.563075As
800.0 14.90 .20 1.563075As
900.0 11.70 .20 1.5630 75As
1000.08.60 .20 1.563075As 1.77 x 10-2
1100.0 7.08 .16 1.5630 7 5As 2.50 x 10'
1100.0 7.07 .17 1.563075As 2.52 x 10'
25.0319.00 5.00 1.115069Ga sample 7
400.062.20 1.10 1.115069Ga 2nd run
600.039.00 1.00 1.115069Ga
800.027.20 .80 1.115069Ga
900.021.70 .60 1.115069Ga
1000.017.10 .60 1.115069Ga 5.48 x 10'
1100.011.30 .40 1.115069Ga 2.71 x 10'
last99
T(°C)T1 (ms)ATI. (ms)
LA S....1/A
B(T)
J. V
isotope(1/Ti)lx (ms-1)remarks
1150.07.90 .40 1.115069Ga 6.07 x 10-2
25.0319.00 5.00 1.115069Ga
400.064.50 .80 1.115069Ga sample4
600.037.40 1.10 1.115069Ga
800.026.00 1.80 1.115069Ga
900.022.10 .40 1.115069Ga
1000.016.20 .30 1.115069Ga8.73 x 10'
1100.010.70 .20 1.115069Ga 3.20 x 10-2
25.0319.00 5.00 1.115069Ga sample 8
400.065.40 .50 1.115069Ga 1st run
600.040.10 .30 1.115069Ga
800.026.10 .20 1.115069Ga
900.022.60 .30 1.115069Ga
1000.015.80 .20 1.115069Ga 1.03 x 10-2
1100.010.30 .20 1.115069Ga 3.57 x 10'
1150.0 7.17 .10 1.115069Ga 7.36 x 10-2
1000.015.90 .30 1.115069Ga 9.89 x 10'
25.0240.00 5.00 1.563075As
400.040.50 .20 1.563075As
600.023.60 .20 1.563075As
800.014.70 .20 1.563075As
900.012.40 .30 1.563075As
1000.0 9.30 .10 1.563075As 8.93 x 10-3
1100.0 6.48 .13 1.5630-75As 3.81 x 10-2
1150.04.70 .10 1.563075As 8.71 x 10-2100
T(°C)T1 (ms)AT1 (ms)B(T)isotope(1/T1)Ir (ms-1)remarks
1150.0 4.70 .10 1.563075As 8.71 x 10-2
1000.0 9.80 .20 1.563075As 3.45 x 10'
25.0 319.00 5.00 .457069Ga sample 2
400.070.50 2.00 .4570 69Ga 2nd run
600.037.80 1.20 .457069Ga
800.0 25.00 .70 .457069Ga
900.021.90 .60 .457069Ga
1000.015.60 .50 .457069Ga 1.11 x 10-2
1100.09.29 .30 .457069Ga 4.62 x 10-2
1150.06.06 .30 .457069Ga 9.92 x 10-2
1150.06.40 .30 .457069Ga 9.04 x 10-2
25.0240.00 5.00 .6404 75As
400.039.80 .80 .6404 75As
600.022.60 .70 .6404 75As
800.0 14.80 .80 .6404 75As
900.0 14.50 .60 .6404 75As
1000.0 9.80 .40 .6404 75As 3.45 x 10-3
1100.0 6.70 .30 .6404 75As 3.30 x 10-2
1150.0 3.30 .20 .6404 75As 1.77 x 10-1
1000.016.80 .20 1.614669Ga 6.52 x 10-3 sample 8
1100.011.30 .10 1.614669Ga 2.71 x 10-2 3nd run
1150.08.49 .09 1.614669Ga 5.19 x 10-2
1000.017.70 .20 1.614669Ga 3.49 x 10-3
1050.013.80 .20 1.614669Ga 1.53 x 10-2
1100.012.00 .20 1.614669Ga 2.19 x 10-2101
con inueu lrm last tirite
T(°C)Ti. (ms)ATI (ms)B(T)isotope(1/TOI, (ms-1)remarks
900.022.20 .30 1.614669Ga
1050.025.40 .30 1.270771Ga 1.60 x 10-2
1100.019.30 .30 1.270771Ga 2.67 x 10-2
900.048.90 1.30 1.270771Ga
25.0319.00 5.00 1.614669Ga sample 5
400.056.00 2.00 1.614669Ga
600.039.30 .80 1.614669Ga
800.027.30 .80 1.614669Ga
900.021.60 .60 1.614669Ga
1000.018.10 .60 1.614669Ga 2.25 x 10-3
1050.013.90 .30 1.614669Ga 1.48 x 10'
1100.012.40 .30 1.614669Ga 1.92 x 10-2
1150.0 7.50 .20 1.614669Ga 6.75 x 10-2
25.0 770.00 10.00 1.270771Ga
400.0125.00 8.00 1.270771Ga
600.0100.00 3.00 1.270771Ga
800.065.00 3.00 1.2707'Ga
900.060.00 3.00 1.270771Ga
1000.034.00 .70 1.270771Ga 7.77 x 10'
1050.025.80 .50 1.270771Ga 1.54 x 10-2
1100.019.90 .40 1.270771Ga 2.51 x 10-2
1150.011.20 .30 1.270771Ga 6.24 x 10-2
25.0319.00 5.00 1.614669Ga sample 9
400.062.30 .90 1.614669Ga
600.041.30 .40 1.614669Ga102
consanueo iroin ldbl, uduie
T(°C)T1 (ms)ATI (ms)B(T)isotope(1/T1)1, (m8-1)remarks
800.024.90 .40 1.614669Ga
900.0 18.90 .30 1.614669Ga
1000.016.60 .20 1.614669Ga 7.24 x 10-3
1050.015.10 .30 1.614669Ga 9.09 x 10-3
1100.012.30 .20 1.614669Ga 1.99 x 10-2
1150.0 9.50 .20 1.614669Ga 3.94 x 10-2
1150.09.40 .20 1.614669Ga 4.05 x 10-2
25.0770.00 10.00 1.270771Ga
400.0172.00 2.00 1.270771Ga
600.0 98.00 1.00 1.270771Ga
800.066.00 1.00 1.2707nGa
900.048.00 1.00 1.270771Ga
1000.032.50 .80 1.270771Ga9.12 x 10'
1050.026.60 .70 1.270771Ga 1.43 x 10-2
1100.020.50 .40 1.270771Ga 2.37 x 10-2
1150.013.90 .60 1.270771Ga 4.50 x 10-2
25.0319.00 5.00 1.614669Ga sample 10
400.067.90 1.10 1.614669Ga 1st run
600.0 39.10 .40 1.614669Ga
800.026.20 .30 1.614669Ga
900.022.40 .10 1.614669Ga
1000.017.20 .10 1.614669Ga 5.14 x 10-3
1050.014.20 .10 1.614669Ga 1.33 x 10-2
1100.012.00 .10 1.6146-69Ga 2.19 x 10-2
1150.09.86 .20 1.614669Ga 3.56 x 10-2103
c,ouvulueu 11111 LcISL Larile
T(°C)T1 (ms)ATI (ms)B(T)isotope(1/T1)lz (ms-1)remarks
25.0770.00 10.00 1.270771Ga
400.0178.00 2.00 1.270771Ga
600.0102.00 1.00 1.270771Ga
800.0 62.30 .70 1.270771Ga
900.049.90 .40 1.270771Ga
1000.032.30 .30 1.270771Ga 9.31 x 10-3
1050.024.40 .20 1.270771Ga 1.76 x 10-2
1100.018.70 .40 1.270771Ga 2.84 x 10-2
1150.011.60 .20 1.270771Ga 5.93 x 10-2
25.0319.00 5.00 1.614669Ga sample 10
400.068.20 2.00 1.614669Ga 2nd run
600.038.00 .80 1.614669Ga
800.027.00 .60 1.614669Ga
900.021.00 .40 1.614669Ga
1000.017.50 .50 1.614669Ga 4.14 x 10-3
1050.014.40 .40 1.614669Ga 1.23 x 10-2
1100.012.00 .40 1.614669Ga 2.19 x 10-2
1150.08.10 .40 1.614669Ga 5.76 x 10-2
1150.0 7.20 .50 1.614669Ga 7.30 x 10-2
1150.0 8.00 .50 1.614669Ga 5.92 x 10-2
25.0 770.00 10.00 1.270771Ga
400.0153.00 3.00 1.270771Ga
600.0 98.60 2.00 1.270771Ga
800.0 65.00 2.00 1.270771Ga
900.0 50.30 .90 1.270771Ga104
conpnuea IdS U Lapie
T(°C)T1 (ms)ATI. (ms)B(T)isotope(1/T1)1, (ms-1)remarks
1000.033.50 .60 1.270771Ga 8.21 x 10'
1050.024.50 .40 1.270771Ga 1.75 x 10-2
1100.017.40 .30 1.270771Ga 3.24 x 10-2
1150.010.90 .30 1.270771Ga 6.48 x 10-2
1150.010.50 .30 1.270771Ga 6.83 x 10-2
1000.016.40 .40 1.614669Ga 7.97 x 10'sample 10
1150.08.90 .30 1.614669Ga 4.65 x 10-2 3rd run
1150.08.65 .30 1.614669Ga 4.98 x 10-2
1000.034.30 .90 1.270771Ga 7.51 x 10-3
1150.010.10 .40 1.270771Ga 7.21 x 10-2
25.0319.00 5.00 .457069Ga sample 10
400.0 73.00 3.00 .457069Ga 5th run
600.0 36.00 1.50 .457069Ga
800.026.00 1.00 .457069Ga
1000.018.20 .80 .457069Ga 1.94 x 10'
1050.012.00 .40 .457069Ga 2.62 x 10-2
1100.09.30 .40 .4570 69Ga 4.61 x 10-2
1150.07.10 .40 .457069Ga 7.50 x 10-2
25.0770.00 10.00 .3620 71 Ga
400.0195.00 13.00 .3620 71Ga
600.0111.00 4.00 .362071Ga
800.060.00 4.00 .362071Ga
1000.032.00 1.00 .362071Ga 9.60 x 10-3
1050.024.00 1.00 .362071Ga 1.83 x 10-2
1100.014.60 .70 .3620 71Ga 4.34 x 10-2105
coninuea irm last tame
T(°C)T1 (ms)ATi (ms)B(T)isotope(1/T1)1r (ms-1)remarks
1150.08.30 .40 .362071Ga 9.36 x 10-2
25.0240.00 5.00 .6404 75As
400.038.00 1.00 .6404 75As
600.021.50 .70 .6404 75As
800.0 14.60 .60 .6404 75As
1000.09.20 .40 .6404 75As 1.01 x 10-2
1050.0 7.80 .30 .6404 75As 2.10 x 10-2
1100.06.80 .30 .6404 75As 3.08 x 10-2
1150.04.30 .20 .6404 75As 1.07 x 10-1
25.0319.00 5.00 1.115069Ga sample 10
400.065.00 1.00 1.115069Ga 4th run
600.039.70 .60 1.115069Ga
800.0 25.80 .40 1.115069Ga
900.022.10 .30 1.115069Ga
1000.016.70 .20 1.115069Ga 6.88 x 10-3
1050.013.90 .20 1.115069Ga 1.48 x 10-2
1100.011.80 .15 1.115069Ga 2.33 x 10-2
1150.08.80 .20 1.115069Ga 4.78 x 10-2
1150.08.50 .20 1.115069Ga 5.18 x 10-2
25.0770.00 10.00 .8780 71 Ga
400.0167.00 3.00 .8780"Ca
600.0104.00 2.00 .8780 71 Ga
800.069.00 2.00 .8780 71Ga
900.052.50 1.10 .878071Ga
1000.035.70 .60 .8780 71Ga 6.37 x 10-3106
, 11 conymuea ir m last table last
T(°C)T1 (ms)ATI (ms)B(T)isotope(1/T01, (ms -1)remarks
1050.023.30 .50 .8780 71Ga 1.96 x 10-2
1100.014.30 .20 .8780 71Ga 4.48 x 10-2
1150.010.90 .20 .8780 71Ga 6.48 x 10-2
25.0240.00 5.00 1.563075As
400.040.90 .60 1.563075As
600.022.80 .30 1.563075As
800.0 15.40 .30 1.563075As
900.0 12.90 .30 1.563075As
1000.0 9.70 .20 1.563075As 4.50 x 10-3
1050.08.50 .20 1.563075As 1.04 x 10-2
1100.0 7.60 .14 1.563075As 1.53 x 10-2
1150.05.90 .18 1.563075As 4.38 x 10-2
1000.016.10 .70 .4570 69Ga 9.11 x 10' sample 11
1050.013.60 .70 .4570 69Ga 1.64 x 10-2 1st run
1100.011.10 .50 .4570 69Ga 2.87 x 10-2
1150.0 7.40 .30 .4570 69Ga 6.93 x 10-2
1200.04.50 .30 .457069Ga 1.52 x10-1
1000.032.00 1.00 .3620 71Ga 9.60 x 10-3
1050.020.70 1.20 .3620 71Ga 2.50 x 10-2
1100.015.10 .80 .3620 71Ga 4.11 x 10-2
1150.0 9.10 .50 .3620 71Ga 8.30 x 10-2
1200.06.30 .50 .3620 71Ga 1.30 x10-1
1000.010.30 .50 .6404 75As-1.51 x 10-3
1050.08.10 .30 .6404 75As 1.62 x 10-2
1100.0 7.70 .40 .6404 75As 1.36 x 10-2107
T(°C)T1 (ms)ATI (ms)B(T)isotope(1/Ti)lx (ms-1)remarks
1150.05.10 .20 .6404 75As 7.04 x 10-2
1200.03.10 .20 .6406 75,48 1.87 x 10-1
1000.017.20 .30 1.115069Ga 5.14 x 10-3sample 11
1050.013.30 .40 1.115069Ga 1.81 x 10-2 2nd run
1100.011.60 .30 1.115069Ga 2.48 x 10-2
1150.0 8.80 .20 1.115069Ga 4.78 x 10-2
1200.05.50 .20 1.115069Ga 1.11 x 10-1
1000.033.00 1.00 .878071Ga 8.66 x 10-3
1050.023.30 1.20 .878071Ga 1.96 x 10-2
1150.09.60 .50 .8780 71Ga 7.73 x 10-2
1200.0 6.90 .20 .8780 71Ga 1.16 x 10-1
1000.010.30 .30 1.563075As -1.51 x 10-3
1050.08.60 .20 1.563075As 9.06 x 10'
1100.07.50 .20 1.563075As 1.71 x 10-2
1150.05.70 .10 1.563075As 4.98 x 10-2
1200.0 3.90 .20 1.563075As 1.21 x 10-1
1000.018.50 .50 1.614669Ga 1.05 x 10-3 sample 11
1100.011.40 .50 1.614669Ga 2.63 x 10-2 3rd run
1150.08.40 .40 1.614669Ga 5.32 x 10-2
1200.06.70 .60 1.614669Ga 7.88 x 10-2
1000.030.60 .80 1.270071Ga 1.10 x 10-2
1050.024.30 .70 1.270071Ga 1.78 x 10-2
1100.017.70 .60 1.270071Ga 3.14 x 10-2
1150.010.40 .40 1.270071Ga 6.92 x 10-2
1200.0 7.10 .40 1.270071Ga 1.12 x 10-1108
Appendix B
NMR spectrometer T1 measurementparameters
T1
mS
Total Sweep
mS
PRF
Hz
Time per Channel
itS
avci,
kHz
Sweep Time
min
7.0 49 20.0 191 12.7 0.64
10.0 70 14.3 273 13.0 0.9
15.0 105 9.0 410 12.2 1.4
20.0 140 7.1 550 13.0 1.7
30.0 210 4.5 820 12.2 2.8
35.0 245 4.08 957 13.0 3.1
40.0 280 3.6 1094 13.1 3.6
45.0 315 3.2 1231 13.1 4.0
50.0 350 2.8 1365 12.7 4.5
55.0 385 2.6 1504 13.1 4.9
85.0 595 1.68 2324 13.0 7.6
a Here set the boxcar constant TRC /TBC= 3109
Steps to choose parameters:
1) Guess Ti..
2) Total Sweep Time TTotal Sw eep ' 7 * Ti.
3) PRF ' Trotalis,,ep (Hz).
4) Time per Channel At= TTotalsweep/256.
5) Choose Boxcar Gate BC ^-' 72.
6) RCboscar= 3* BC.
10*At* PRF*BC 7) v(, r, RCboxcar
8) Sweep Time = 2560tivci, (second)